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Natural disasters have an enormous physical impact on communities and generate 
a huge volume of debris.  The amount of debris is almost five to ten times higher 
than the annual solid waste volume in a community, and slow debris removal can 
hinder both emergency response and proceeding with the tasks of recovery. The 
cost of debris management also can reach more than 27% of the total disaster 
recovery costs. Therefore, debris management teams have considerable 
challenges in removing disaster debris.   
 
This thesis introduces a framework for an effective debris management plan based 
on the interrelationship between critical infrastructure systems for debris 
management and providing resources that would enable a community to effectively 
remove debris from disaster-affected areas.  This research also focuses on the 
impact of the capacity of infrastructure systems and the resources required for 
debris management with respect to the general debris removal procedures of 
generation, collection, transportation, processing, and disposal.
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A debris management team could benefit from this research by being able to 
evaluate the existing debris management system in a community at pre- or post-
disaster levels and assess its current resilience and total duration for debris 
removal in order to set up a short- and long-term strategy. The framework also 
suggests the feasible capacities of debris handling facilities and the resources 
required to improve the resilience of a community with respect to debris 
management. 
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CHAPTER 1. INTRODUCTION 
1.1 Background and Needs 
Recent research shows that the world is experiencing more extreme natural 
disasters such as hurricanes, floods, earthquakes, and tsunamis.  These disasters 
damage physical assets and generate a huge amount of debris, causing 
considerable disposal challenges for national and local public officials.  In the past, 
a primary objective was to transport debris generated by disasters from an original 
site to a final destination, landfill, as soon as possible. Thus, debris generated by 
hazards was simply buried or burned (EPA 1995). However, previous 
management systems have resulted in the dumping of chemically and biologically 
active waste with long-term impacts as well as overuse of incineration for 
hazardous waste to reduce a volume of debris. For instance, the smoke resulting 
from abusing incinerators for faster debris removal can have negative health 
impacts, and communities need to build more landfills for the debris because of a 
shortage of landfills. Thus, an effective debris management system is needed to 
handle the overwhelming amount of debris generated in a timely manner. Currently, 
the volume of debris generated by natural disasters is five to ten times the annual 
waste generation rate of a community (see Table 1-1). 
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Delays in debris removal also hinder emergency response as well as the post-
disaster recovery process.  For example, 10 million cubic meters of debris was 
generated by the earthquake in Haiti in 2010. The Interim Haiti Recovery 
Commission (2010) reported that the debris from the partial destruction of the main 
port of Port-au-Prince and the blockage of roads hampered emergency response 
and recovery for many months after the earthquake. 
 





2010 Earthquake, Haiti 23~60 Booth (2010) 
2005 Hurricane Katrina, USA 76 Luther (2006) 
2004 Indian Tsunami 10 Bjerregaard (2010) 
 
 
Even nine months after the earthquake, the destruction continued to disrupt the 
lives of many Haitians. After 12 months, only two million cubic meters debris 
(3~10%) of the total debris had been removed even though the government of Haiti 
had identified debris removal and management as one of the top priorities for the 
recovery process (UN 2011).  This situation occurred because Haiti’s poor or 
impaired infrastructure system and insufficient capacity could not support a debris 
management system. Haiti’s experience points out how critical it is to develop and 
maintain an infrastructure system and its capacity in order to expedite debris 
removal in a community. 
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1.2 Research Objectives 
UNISDR defines “Resilience as the ability of a system or community exposed to 
hazards to resist, absorb, accommodate to and recover from the effects of a 
hazard in a timely and efficient manner”. In the context of this thesis, “Resilient 
community for effective debris removal” would be defined as a community, which 
has enough capacity of infrastructure and resources to remove debris in a timely 
manner. To make the resilient community above, this thesis introduces a 
framework for effective debris management, and its specific objectives are: 
 
• Identify and establish the interrelationship between the infrastructure and 
the resources for different debris removal activities. 
• Analyze debris removal activities with respect to the infrastructure/ 
resources interrelationships. 
• Simulate a current debris management system in a community to identify 
feasible issues a community may have (i.e., shortages of required 
resources and infrastructure capacity for debris removal). 
• Provide a strategy for allocating current or additional resources and capacity 
of infrastructure to maximize the debris removal productivity and minimize 
the total duration of debris removal. 
 
1.3 Research Scope 
The primary purpose of this research is to develop a framework for effectively 
removing debris from a community after a natural disaster in order to expedite 
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community recovery. In addition, the research identifies the interrelationship 
between the infrastructure and the resources and estimates the productivity 
needed to transfer debris from an original site to a transfer site or final destination 
after natural disasters. Finally, the research intends to assist a decision-maker in 
a community in establishing effective short- and long-term debris management 
strategies by utilizing the existing infrastructure and resources in a community. 
 
A system dynamics model is introduced to establish a comprehensive debris 
removal process and to identify the time-based debris removal productivity 
required at each debris-transferring activity. For this simulation, the model is 
applied to a debris management system in New York City after Hurricane Sandy 
in 2012. The majority of the data was collected from U.S. Army Corps of Engineers 
(USACE) and Federal Emergency Management Agency (FEMA) reports, such as 
the location of temporary debris management sites, the amount of total debris in 
New York City, and the transportation system utilized to transfer debris and their 
final destinations. This thesis assumed the loss of serviceability and the speed of 
restoration of infrastructure, such as the transportation system, civic monitoring of 




To understand the complex relationships of debris management in the aftermath 
of a disaster, this thesis utilized system dynamics to verify the framework this 
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research suggests. System dynamics is an approach to comprehend the behavior 
of complex systems over time; and the model presented here deals with the 
internal feedback loops and time delays that affect the behavior of the entire debris 
management system (see Figure 1-1). 
  
 
Figure 1-1 Basic system dynamic model for debris management 
(Kim et al. 2013) 
 
1.5 Thesis organization 
This first chapter introduces the definition of debris management and the historical 
issues of debris management after natural disasters. In addition, it illustrates the 
need for effective debris management and methodology to enhance debris 
management in a community. 
Chapter 2 is a literature review that describes types of debris, debris treatment 
options, and the economic and environmental issues after a natural disaster. It also 
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identifies critical infrastructure that supports the debris management process such 
as transferring sites, recycling facilities, and landfills. 
Chapter 3 presents a framework for effective debris management that is integrated 
with required the infrastructure and resources related to debris management in a 
hypothetical community. Also, it describes how each debris removal activity is 
closely linked with the infrastructure and the resources.  
Chapter 4 describes a new framework for debris management and the system 
dynamics model and applies the model to a debris management system after 
Hurricane Sandy is applied to the system dynamics model to verify the model. 
Furthermore, it illustrates how to calculate the hauling capacity of various 
transportation system such as trucks, boats, and trains. Then, it analyzes specific 
debris removal activities such as the overall capacity of equipment and transferring 
sites, a temporary debris management site, and the estimated total duration for 
debris removal.  
Chapter 3 and 4 are written as a separate research. It consists of introduction, 
literature review and main research in the each chapter. To complement the 
purpose of the chapters, they include both introduction and literature review which 
are discussed in Chapter 1 and Chapter 2. 
Chapter 5 provides the summary and conclusions of the research as well as its 
contributions to the body of knowledge, its limitation, and recommendations for 
future research.  
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CHAPTER 2. LITERATURE REVIEW 
2.1 Introduction 
Depending on a disaster’s nature, severity, and environmental conditions in a 
community, a disaster can create extremely large volumes of debris. The huge 
amount of debris can overwhelm existing solid waste management facilities and 
can have impacts on other emergency response and recovery activities. In addition, 
poorly managed debris can have significant environmental and public health 
impacts and affect the overall post recovery process.  
The main focus of the literature review is collecting all debris management issues 
historically and analyzing common problems in a community after natural disasters.  
The current debris management systems suggested by FEMA and USACE are 
also discussed. 
 
2.2 Debris generated by disasters 
2.2.1 Type of debris generated by diverse disasters 
It is well recognized that different types of debris are generated depending on both 
the type of built environment in a community and the type of disaster (EPA 2008). 
The variation also occurs in the composition of manageability: the ability to recycle, 
the level of hazards, and the handling procedures required.  
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For instance, debris removal task managers following Hurricane Katrina were 
challenged by the mixture of hurricane- and flood-generated debris (Luther 2006). 
This mixture complicates removal because each type of debris requires different 
management approaches. Baycan (2004) classified debris components in a 
comprehensive manner as follows: 
 Recyclable materials  
 Non-recyclable materials  
 Hazardous waste 
 
EPA (2008) also classified debris in five major categories: 
 Damaged buildings 
 Sediments 
 Green waste  
 Personal property  
 Ash and charred wood 
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The type of debris generated by different disasters are shown in Table 2-1.  
Table 2-1 Typical debris by different types of disaster (FEMA 2007) 



























































O O O O  O O 
Construction and 
demolition 
O O O O O   
Personal property/ 
Household 
O O O O O O  
Hazardous waste 
O O O O    
Household 
hazardous waste 
O O O O O O O 
White goods 
O O O O O O  
Soil, mud and sand 
O O  O O O  
Vehicles and vessels 
O O O O    
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2.2.2 Debris quantities 
The composition of disaster debris varies according to the type of disaster and the 
characteristics of a community, such as geographic location, population density, 
and socioeconomic setting. Hazardous materials enter the debris stream from 
various sources including households, commercial activities, and institutional 
sources, as well as industrial sources. Types and amounts of hazardous materials 
can vary considerably due to specific source conditions. 
Significant amounts of debris with a composition similar to that of Construction and 
Demolition (C&D) waste are generated in disaster events in urban areas. The 
materials can consist of concrete; asphalt; masonry; brick/cinder blocks; plaster; 
drywall; various forms of wood and wood composites/laminates; metals including 
structural steel, pipes, tubing, and framing components; doors, windows, wiring, 
and plumbing components; insulation materials; various forms of soil and earthen 
materials; and vegetation. 
In addition, large quantities of metal, composite, and polymeric wastes are 
generated from vehicles, equipment, and appliances. In rural areas, the debris will 
typically contain a low amount of synthetic components and advanced singular and 
composite polymeric and metallurgical materials. High amounts of natural 
materials and organic matter are present in disaster debris in rural areas and less 
developed locations. 
Table 2-2 shows the reported debris volumes from some large-scale disasters 
since 2004.  
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Table 2-2. Historical debris quantities 
Year Event Debris quantity Reference 
2011 Japan tsunami 70 - 180 million tons Yesiller (2012) 
2010 Haiti earthquake 23 - 60 million tons Booth (2010) 
2009 L’Aquila, Italy 
earthquake 
1.5 -3 million tons Di.Coma.C. (2010) 
2008 Sichuan, China 
earthquake 
20 million tons Taylor (2008) 
2005 Hurricane Katrina 
Louisiana USA 
76 million cubic meters Luther (2008)  
 
2004 Hurricanes  
Florida, USA 
3 million cubic meters Solid Waste Authority 
(2004) 
2004 Indian Ocean  
Tsunami 
10 million cubic meters Bjerregaard (2010) 
2004 Hurricane Charley, 
USA 
2 million cubic meters MSW (2006) 
 
 
As can be seen from the table above, debris quantities are reported in terms of 
either mass (tons) or volume (cubic yards or meters). None of the debris quantities 
reported explicitly stated how they were measured, calculated, or estimated (i.e., 
debris volumes or mass per house or affected area, truck loads, or landfill volumes). 
The majority of the disaster debris quantity data available are from disasters in the 
U.S., which is largely due to the established disaster debris management 
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processes required for federal emergency funding eligibility and USACE (FEMA 
2007). 
There have been a number of studies that have retrospectively quantified disaster 
debris following disaster events. The studies were conducted in an attempt to both 
improve disaster debris estimation techniques and to aid debris management 
planning, preparedness, and response. In their guide to disaster debris 
management planning, EPA (2008) suggests that pre-disaster debris estimations 
are beneficial in both pre-disaster planning and post-disaster response and can be 
carried out using GIS/hazard maps. The majority of the studies also carried out 
were based in Japan. Studies identified by Hirayama et al. (2010) estimated the 
debris volume/weight per house or per unit floor area. Hirayama et al., used these 
previous estimates to predicatively estimate debris quantities in Japan based on 
hazard maps. Values of between 30 to 113 tons/household are used to account 
for a range of house and building types and levels of damage sustained. Inoue et 
al. (2007) investigated the specific gravities of the debris generated by the 1995 
Great Hanshin-Awaji earthquake because of the consolidation processes and 
water addition for dust suppression. 
  
Table 2-3 Gravity of debris  
 
Average gravity Increased gravity 
(In the middle of transportation) 
0.59 ton/m3 0.73 ton/m3 
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Outside Japan, several studies on disaster waste volume quantification were 
conducted. Chen et al. (2007) correlated the debris generated from four flooding 
events in Taiwan with three parameters: population density (X1), total rainfall (X2), 
and flooded area(X3). Chen et al. found a significant non-linear correlation with 
these variables, which could be used to predict future flood waste volumes (𝓎) in 
Taiwan. 
 
log 𝓎 =  −4.137 + 0.718 log 𝑥1 + 0.600 log 𝑥2 + 1.422 log 𝑥3 
Equation 2-1 Formula for estimating waste generation from floods 
(Chen et al. 2007) 
 
A study at the University of Florida quantified arsenic-treated wood following 
Hurricane Katrina (Dubey et al., 2007). The paper emphasizes the potential 
environmental and public health risk of disposing of such large quantities in unlined 
landfills.  
 
2.2.3 Current debris estimates in the U.S. 
FEMA (2010) suggests several methods available to develop debris estimates. 
The Debris Task Force Leather (DTFL) in FEMA recommends that a method 
should be selected based on the accuracy, precision, and schedule requirements 
of the operation and by the availability of resources such as personnel and 
equipment. Three methods are outlined below, and the DTFL may use a 
combination of these estimating methods. 
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2.2.3.1 Ground measurement 
Ground measurements of debris can be taken to develop estimates, using visual 
observation and detailed data collection with equipment such as measuring tapes 
and GPS units. 
 
In 1999, FEMA conducted an empirical research after Hurricane Floyd in North 
Carolina. FEMA developed a formula to estimate debris associated with 
demolished single family residences: 
 
𝐷𝑒𝑏𝑟𝑖𝑠(𝐶𝑌) = 0.20 × 𝐿𝑒𝑛𝑔𝑡ℎ × 𝑊𝑖𝑑𝑡ℎ × 𝑆 ×  𝑉𝐶𝑀 
Equation 2-2 formula for debris from single family residence 
 
𝐿𝑒𝑛𝑔𝑡ℎ and 𝑊𝑖𝑑𝑡ℎ must be in feet 
𝑆 = number of stories in the building 
0.20 = a constant based on the study data 
𝑉𝐶𝑀 = a vegetative cover multiplier 
 
The building square footage used in the formula is the total living space at and 
above ground level and includes attached garages. 
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Vegetative Cover Multiplier 






1000 SF 200 CY 220 CY 260 CY 300 CY 
1200 SF 240 CY 264 CY 312 CY 360 CY 
1400 SF 280 CY 308 CY 364 CY 420 CY 
1600 SF 320 CY 352 CY 416 CY 480 CY 
1800 SF 360 CY 396 CY 468 CY 540 CY 
2000 SF 400 CY 440 CY 520 CY 600 CY 
 
For multiple-story residences, the debris generated by the demolished residence 
should be calculated using the total number of stories. 
 
2.2.3.2 Aerial and satellite photographs 
Aerial and satellite photographs of areas taken before and after the disaster event 
may be used to estimate the debris quantities and types based on the structures, 
features, and debris observed in the photos. 
 
2.2.3.3 Computer model: Hazus-MH 
Hazus-MH is a nationally applicable standardized methodology that contains 
models for estimating potential losses from earthquakes, floods, and hurricanes. 
Hazus-MH uses Geographic Information Systems (GIS) technology to estimate the 
physical, economic, and social impacts of disasters. It graphically illustrates the 
limits of identified high-risk locations due to earthquake, hurricane, and floods. 
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Users can then visualize the spatial relationships between populations and other 
more permanently fixed geographic assets or resources for the specific hazard 
being modeled, a crucial function in the pre-disaster planning process. Hazus-MH 
can be used in the assessment step in the mitigation planning process, which is 
the foundation for a community's long-term strategy to reduce disaster losses and 
break the cycle of disaster damage, reconstruction, and repeated damage. 
Preparedness will aid in recovery after a natural disaster. Emergency managers 
have also found these map templates helpful to support rapid impact assessment 
and disaster response.  
 
 
Figure 2-1 Estimates of debris generated in Hurricane Ivan (FEMA 2013) 
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2.2.4 Debris conversion factors 
Debris generated by disasters is generally calculated by tons or cubic yards (see 
Table 2-2). Thus, conversion factors are necessary to measure the total amount 
of debris generated by disasters in order to estimate the number of hauling 
methods and required transferring stations. USACE has developed several 
conversion factors for converting between tons and cubic yards of debris that 
FEMA has determined are reasonable (see Table 2-5). 
 
Table 2-5 Debris conversion factors 
Type Ton Cubic Yard 
Construction and demolition debris 1 ton 2 CY 
Mixed debris 1 ton 4CY 
Vegetative debris (Hardwoods) 1 ton 4CY 
Vegetative debris (Softwoods) 1 ton 6CY 
 
2.2.5 Debris management phase 
Typically, debris removal in disaster management is described in the literature in 
three phases (Baycan 2004); 
1. Emergency response: debris management to facilitate preservation of life, 
provision of emergency services, and removal of immediate public health 
and safety hazards such as unstable buildings. 
2. Recovery: debris management as part of restoring lifeline restoration and 
building demolition. 
3. Rebuild: debris management of wastes generated from and used in 
reconstruction. 
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The phases are not distinct and the duration of each phase varies significantly 
between disasters. Typically, in debris management, the emergency phase 
involves the removal of immediate threats to public health and safety and generally 
lasts between a few days and two weeks (Haas et al. 1977). In the middle of this 
phase, there is little effort for recycling and diversion. The recovery phase is where 
the majority of the disaster-generated debris will be managed. In past disasters, 
this phase has lasted up to five years (e.g., New Orleans, Hurricane 
Katrina)(Luther 2006). The recovery phase can be affected by a number of factors 
outside the control of debris managers, such as police investigations, which can 
limit site access to the public and debris removal contractors and slow resident 
return (Cook 2009). The rebuilding phase is a much longer process, and it is hard 
to pinpoint the “end” of this phase. According to Haas et al. (1977) the rebuilding 
phase duration could be on the order of 10 years.  
 






Estimated duration Few days ~ 
two weeks 
Up to 5 years Up to 10 years 
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Thus, a decision-maker in a community must have short- and long-term goals to 
handle the debris generated by disaster based on the community’s specific 
capacity. EPA (2008) states that having a debris management plan and thinking 
through the creation of the plan will minimize costly mistakes, speed recovery, 




Figure 2-2 Timeline of debris management 
  
 
2.3 Debris treatment options 
2.3.1 Temporary Debris Management Site 
Disasters can generate much more debris than a municipality typically manages 
annually. Thus, a temporary debris management site (TDMS) for recycling, sorting, 
and debris processing is recognized as an important element by many 
governmental agencies (FEMA 2007, EPA 2008, UNEP and OCHA 2011) for 
Few days to two weeks
Up to five years
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debris management as a designed buffer to properly sort, recycle, and dispose of 
debris (see  
Figure 2-3). According to EPA (2008), experience has shown that 100 acres of 




Figure 2-3 Sample TDMS layout (FEMA 2007) 
 
Brown and Milke (2009) concluded that there is a trade-off between speed of 
clean-up, degree of diversion, recycling of debris, treatment, and disposal options. 
The overall period of debris removal depends on the option selected and the 
resources and infrastructure in a community. The role of TDMS facilities becomes 
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very important part because it satisfies both the speed of debris removal and the 
degree of diversion.  In addition, FEMA (2007) released a new pilot program that 
provides incentives for communities to recycle by allowing them to retain revenue 
from the sale of disaster debris. This groundbreaking policy offers significant 
financial benefits for communities seeking to cleanup in an environmentally 
responsible way.  Fetter et al. (2010) presented a decision model with recycling 
incentives for locating TDSR facilities in support of disaster debris cleanup 
operations. 
However, an inappropriate TDMS can bring unexpected/negative effects to a 
community economically and environmentally. For instance, the expense of 
double-handling debris and acquiring land for the site can be limiting factors in their 
usage of TDMS (FEMA 2007). In addition, unsuitable TDMS locations in areas 
such as playgrounds, swamps, and rice paddies has been cited as potentially 
damaging to the environment and affecting the livelihood of people in a community.  
The International Recovery Platform and UNDP-India (2010) reported that debris 
needs to be sorted based on the intended uses of the different materials in order 
to recycle waste effectively. Collecting mixed debris may be the quickest way to 
clean up areas for reconstruction and following activities; however, sorting debris 
at a later stage, such as a TDMS or a transferring site, can be time-consuming and 
work-intensive, making it cost-prohibitive. For instance, the debris from the 2008 
Wenchuan earthquake in China and the 1995 Great Hanshin-Awaji earthquake in 
Japan was rapidly collected and removed before the sorting process. Post-
evaluations of the Japanese earthquake debris removal program noted that while 
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the demolition and removal of debris was completed quickly, many salvageable 
building materials and components were demolished in the process (Disaster 
Reduction Learning Center Institution and The Great Hanshin-Awaji Earthquake 
Memorial Disaster Reduction and Human Renovation 2008). Additionally, 
immediate removal before sorting also required significant TDMS space as well as 
measures to prevent contamination of nearby water and food sources. TDMS also 
can attract vectors such as rodents and other pests, produce noise and odors at 
levels deemed unacceptable by residents, or put a large burden on normal traffic 
patterns. To prevent these negative effects, the EPA (2008) made the TDMS 
suggestions below: 
 
 Sufficient in size with appropriate topography and soil type. 
 Located an appropriate distance from potable water wells and rivers, lakes, 
and streams. 
 Not located in a floodplain or wetland. 
 Controls in place to mitigate storm water runoff, erosion, fires, and dust. 
 Free from obstructions, such as power lines and pipelines. 
 Limited access with only certain areas open to the public such as areas to 
drop off debris. 
 Located close to the impacted area but far enough away from residences, 
infrastructure, and business that could be affected by site operations. 
 Preferably located on public land because approval for this use is generally 
easier to obtain but could also be located on private lands. Consider 
potential agreements with private land owners in advance to ensure the use 
of these needed areas. 
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In summary, pre-disaster identification of a TDMS has been suggested by many 
authors as a way to avoid potential adverse effects (Kobayashi 1995, Skinner 1995, 
FEMA 2007, USEPA 2008, Johnston et al. 2009). Most of the disaster debris 
management guidelines reviewed (FEMA 2007, EPA 2008, UNEP and OCHA 
2011) provide guidance on TDMS. However, the potential for more research exists 
pertaining to the siting and management aspects of TDMS as identified by Channel 
et al. (2009) and the Disaster Reduction Learning Center Institution and The Great 




The EPA (2009) recommends that any disaster debris management plan include 
a strategy for reuse, recycling, and mulching/composting. Because of the 
potentially large volumes of material produced in a natural disaster, recycling and 
reuse will lessen the burden on the maximum capacity of a TDMS and disposal 
facilities, reduce potential costs, and provide a valuable material resource. Many 
components of disaster debris indeed can be recycled. For instance, the materials 
can be reused for a number of post-disaster applications, including soil for landfill 
cover, aggregate for concrete, and plant material for compost, fertilization and 
slope stabilization (Channell et al. 2009). The benefits of recycling disaster debris 
are shown in many ways and evident in the analysis of many past disaster clean- 
ups: Marmara earthquake (Baycan and Petersen 2002, Baycan 2004); Northridge 
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Earthquake, US, 1994 (Gulledge 1995, USEPA 2008); Indian Ocean Tsunami, 
Thailand, and Sri Lanka (UNDP 2006). The benefits include: 
 Reduction of landfill space used 
 Reduction of the quantity of raw material used in re-build 
 Generation of revenue from recycled debris 
 Reduction in transportation for raw materials and debris 
 Job creation (for developing countries in particular) 
 
The major component of disaster debris, in most cases, is construction and 
demolition (C&D) waste. There are many existing articles which address the 
barriers and opportunities to recycling this waste stream in peace-time. Skinner 
(1995) and Reinhart and McCreanor (1999) presented peace-time C&D recycling 
practices and data as guidance for disaster debris recycling. However, other 
authors have identified that potential barriers to C&D recycling after a disaster as 
shown in the following table. 
 
Table 2-7 Debris handling issues in a community 
Issue Author 
Time to collect and process the materials Baycan and Petersen 
2002 
Unavailability of specialized processing equipment Baycan and Petersen 
2002 
Inability to physically separate the materials Baycan 2004 
Lack of desire to offset raw material use in rebuild Lauritzen 1998 
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Whereas the literature review above provides a summary of the advantages and 
obstacles to recycling following a disaster, there have been no quantitative 
assessments of post-disaster recycling feasibility and determination of what 
planning or preparations are possible pre-disaster to make recycling a more viable 
option. For instance, the recycling capacity for California is estimated to be 
approximately 60 million tons per year (Yesiller 2012). The available recycling 
capacity is considerably less than the available disposal capacity. 
 
2.3.3 Open burning and Air Curtain Incineration (ACI) 
Open burning includes both burning debris in an open pit and burning debris in an 
air curtain incinerator. Open burning was used as a disaster debris management 
option following the Indian Ocean Tsunami (Basnayake et al. 2006), and the Great 
Hanshin-Awaji earthquake (Irie 1995). However, some people accepted open 
burning as an acceptable management option under the circumstances and others 
condoned it for adverse health effects and environmental concerns. Lauritzen 
(1998) and Petersen (2004) suggested open burning is a necessary management 
option in some cases to remove immediate hazards but gave little definitive 
guidance on the situations for which open burning is appropriate. Air curtain 
incineration incorporates a pit constructed by digging below grade or building 
above grade. Some incinerators are portable and utilize a pre-manufactured pit in 
lieu of an onsite constructed earth/limestone pit. The EPA (2009) recommends 
portable ACIs as the most efficient burning systems available for debris 
management. 
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2.3.4 Debris Disposal 
In the aftermath of large-scale disasters, debris volumes exceed the capacity of 
permanent disposal sites, landfills, in a community (EPA 2008). In general, a 
TDMS is employed to provide a designed buffer to sort, recycle, and finally shrink 
the volume of total debris. In addition, the capacity and operations of existing 
disposal sites in a community could be reduced because of damage to 
infrastructure and facilities by disasters. In the case of Hurricane Katrina, the 
government expanded the debris disposal criteria at unlined construction and 
demolition landfills to expand the capacity of a disposal site (Luther 2006). 
Disposal of hazardous substances has been identified as problematic following 
several disasters (e.g., the Indian Ocean Tsunami (Pilapitiya et al. 2006) and 
Hurricane Katrina (Dubey et al. 2007)). Hazardous waste is disposed of in some 
cases without segregation as part of the overall waste matrix. In the case of 
Hurricane Katrina, there has been little research into the actual effects of the 
disposal of hazardous substances in disaster situations (Brown et al. 2011). 
Channell et al. (2009) identified several hazardous substances present in disaster 
waste, the disposal issues of which require further research including gypsum and 
putrescent materials. 
 
2.4 Economic issues 
Little information exists on the economic impact, both direct and indirect, of debris 
management programs. The direct costs, including management, collection, 
treatment, and disposal costs, are straightforward to evaluate if appropriate 
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records have been kept. Table 2-8 provides an overview of the limited published 
cost data on debris removal works. Due to the FEMA reimbursement processes 
(FEMA 2007), cost data for debris management should be readily available in the 
U.S., however, there is limited reported cost data by Reinhart and McCreanor 
(1999) and the Solid Waste Authority (2004). The costs reported are variable and 
sometimes only include one part of the clean-up work, for example, the value of 
collection contracts or disposal costs only or the costs for debris management in 
one affected region; and most do not seem to include the costs of individual clean-
up tasks. 
Table 2-8. Historical debris removal cost 
Event Location Debris quantity Cost Reference  
Hurricane 
Katrina 




























19 million cubic 
yards 








$8 million Reinhart and 
McCreanor 
(1999) 
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Costs for debris removal consist of both direct and indirect cost. Direct costs are 
directly attributes to clean up debris. In the U.S., FEMA (2007) estimated that for 
disasters between 2002 and 2007, predominantly hurricanes and other storm 
events, debris removal operations accounted for 27% of the total disaster recovery 
costs. And Califonia Emergency Management Agency (2011) referred that debris 
removal cost is estimated up to 40% of disaster recovery cost. 
The indirect costs associated with disaster debris management could include the 
following: 
 
 Disruption of critical infrastructure: effects on public health (Petersen 2004) 
 Delays to rebuilding processes 
 Impacts on local industry such as tourism 
 Reduction in future landfill space  
 Impact of waste trucks on roads (Reinhart and McCreanor, 1999) 
 Environmental impact remediation resulting from inappropriate and/or 
illegal dumping (UNDP 2006) 
 Increased resource depletion by limited resource recovery 
 
Thus, the indirect costs are difficult to assess than the direct costs. For instance, 
cost/economic considerations were evident in many of the case studies, which 
include minimization of debris management costs (disposal, transportation, and 
labor), revenue generation through recycling, and job creation. Recycling in 
particular has the potential to impact greatly on debris management costs. 
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2.5 Environmental issues 
Disasters and the environment in a community are inextricably linked. In general, 
disasters bring direct physical damage to the environment. Before disasters, 
inappropriate environmental management and land use in a community also can 
increase the environment’s vulnerability to a disaster. In the case of the Indian 
Ocean tsunami, experts believe that the impact of the tsunami would have been 
reduced by proper preservation and management of mangroves and coral reefs 
as they would have acted as a buffer against the waves.  
In the post-disaster phase, suitable selection and management of debris 
management options also will have an effect on the environmental impact of a 
disaster. In most cases, the speed of debris management is a primary objective in 
a community. A standard process, such as source reduction, recycling, and debris 
combustion/landfilling, will not be considered or will not be properly processed. 
Consequently, a lot of research on debris management has been focused on 
minimizing the environmental impact of debris through management options such 
as recycling, sound disposal, and appropriate handling and treatment of hazardous 
materials. Few authors have attempted to quantify the environmental impacts of 
altering peace-time debris management standards to manage disaster waste 
(Brown et al. 2011). 
In developing countries, disaster debris recovery is often cited as a potential 
opportunity for development of debris and waste management systems and/or 
improvement of existing environmental practices. For example, the Indian Ocean 
tsunami waste management program included a focus on the development of 
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sustainable waste management systems through the collection, recovery, 
recycling, and/or safe disposal of waste materials (UNDP 2006). 
 
2.6 Capacity building for enhancing resilience of community 
 
Bruneau et al. (2003) emphasized that critical infrastructure, including the 
transportation and utility lifeline systems, is essential to enhance resilience in a 
community by four determinants: robustness, redundancy, resourcefulness and 
rapidity. In addition, Deshmukh and Hastak (2009) concluded that an impact of 
natural disasters is further escalated by failures of critical infrastructure in a 
community and such failures are significantly related to the conditions of critical 
infrastructure. To prevent the cascading failures, Deshmukh and Hastak (2012) 
suggested a framework for increasing resilience of a community by expediting 
disaster recovery through capacity building and enhancing infrastructure 
performance. They defined “the resources available in post disaster situation are 
identified as the capacity of the community. Ability of the community to acquire and 
utilize additional capacity for mitigating impacts in post disaster situation is defined 
as capacity building.” It provided a unique approach to integrate the results 
available from loss assessment tools and locally available data with exploring 
interrelationship between communities, industries and related critical infrastructure.  
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2.6.1 Civil infrastructure 
Civil infrastructure in debris management consists of the transportation, utility, and 
current solid waste management systems in a community, which is directly related 
to the productivity of debris removal performance. For instance, Guerrero et al. 
(2012) indicated that the quality of a road, the amount, suitable equipment, and 
collection time are important factors  for debris collection and transportation.  
 
 
Figure 2-4 2013 report card for America’s infrastructure 
 
 
In the U.S., the American Society of Civil Engineers (ASCE), is committed to 
improving the nation’s public infrastructure. To achieve that goal, the above report 
card was compiled by ASCE to state the condition and performance of the nation’s 
infrastructure. The report card assigns letter grades that are based on the physical 
condition and needed fiscal investments for improvement (Figure 2-4). The Grade 
Point Average (GPA) of infrastructure in the U.S. is D+. Based on the report card, 
most of the critical infrastructure for debris management received low grades, such 
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as transportation (bridges, roads) and disposal facility (hazardous waste, solid 
waste). 
 
2.6.2 Civic infrastructure 
Civic infrastructure entails government support. The EPA (1995) stated that 
governmental agencies, the USACE, environmental agencies, state and local 
governments, and communities should support debris management. The 
Department of Homeland Security (2011) emphasized that all officials need to 
monitor collecting sites because most of the excessive costs in debris removal are 
the result of overstated volumes of collected debris. For example, FEMA estimated 
that they might have overpaid $20 million for debris removal and disposal because 
qualified monitors were not present at key times, and it was determined in an after-
action report that the debris load volumes were consequently over-estimated for 
Hurricanes Gustav and Ike. Furthermore, FEMA mentioned that an overestimated 
volume generally would be 20% or more. Guerrero et al. (2012) mentioned that the 
awareness and knowledge of municipal leaders are the most important factors for 
debris management. 
 
2.6.3 Social Infrastructure 
Social infrastructure involves either a non-governmental organization (NGO) or 
non-profit organization (NPO) including churches and community centers. As time 
goes by, a capacity of social infrastructure becomes significantly available for 
disaster recovery. In 1992, it was estimated that more than 4,000 NGOs assisted 
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up to 100 million people in the world (Edwards and Hulme 2006). It is also 
recognized that governments alone cannot achieve significant, sustainable hazard 
risk reduction and that greater emphasis must be placed upon local-level and 
community-based approaches, as well as indigenous knowledge and coping 
strategies supported by NGOs. 
 
2.7 Issues caused by delay in debris removal 
Disaster debris can impede several activities that can include the following: 
 Prevent rescuers and emergency services from reaching survivors 
 Inhibit provision of lifeline support   
 Pose a public and environmental health hazard  
 Hinder the social and economic recovery of the affected area 
 
Likewise, poor management of a clean-up effort can result in a slow and costly 
recovery, which is potentially risky to public and environmental health in both the 
short and long term (see Figure 2-5). For instance, the 2010 Haiti earthquake, a 
catastrophic magnitude of 7.0 Mw, caused major damage to Port-au-Prince, 
Jacmel, and other settlements in the region. During the widespread devastation 
and damage throughout Port-au-Prince, the vital infrastructure needed to respond 
to the disaster was severely damaged or destroyed including all hospitals in the 
capital, the international airport, and the seaport. The main highway linking Port-
au-Prince with Jacmel remained blocked for ten days after the earthquake.   
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Figure 2-5 Issues by delay in debris removal 
 
 
2.8 Summary of factors affecting debris management performance 
To comprehend resilience for debris management in disasters, a debris 
management team should recognize current waste management system and the 
debris management system in a community. In general, the debris management 
systems is integrated with existing solid waste management system in a 
community after disasters. For example, temporary debris management sites and 
additional resources such as mobile incinerators, hauling trucks and power 
generators, are joined with solid the waste management system to handle a huge 




• Preservation of life
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Figure 2-6 Process to build debris management system 
 
 
Guerrero et al. (2012) studied various factors which have impact on solid waste 
management system at each activity (see Figure 2-7). They identified essential 
infrastructure such as transportation, economic technologies, and facilities for 
treatment, recycle and disposal. Essential resources are identified as a hauling 
vehicle, incinerators and chipping & grinding equipment (Karunasena et al. 2009). 
And proper knowledge for treatment, disposal and recycling is recognized 
(Guerrero et al. 2012). Brown et al. (2011) reviewed most of debris management 
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Figure 2-7 Factors analysis for solid waste management system performance 




• Poor route/improper bin collection
• Infrastructure/Vehicle for waste collection
• Organization of the informal sector
• Quality of roads
• Transportation facility availible
Collection, transfer & transport
• Knowledge of treatment systems by authorities
• Suitable infrastructure
• Local knowledge on waste management issues 
Treatment
• Supply of containers and distances
• Priced disposal
Disposal
• Organization of informal sector
• Encourage recycling markets
• Increase professionalism in recycling companies
• Financial support for recyling
• Waste pickers collection & recycling business in the surroundings
• Collection of recyclables supported by companies
• Efficiency collection system
• Presence of low cost recycling technologies
Recycling
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CHAPTER 3. A FRAMEWORK OF EFFECTIVE DEBRIS MANAGEMENT FOR A 
RESILIENT COMMUNITY 
3.1 Background and Needs 
Recent research shows that the world is experiencing more extreme natural 
disasters such as hurricanes, floods, earthquakes, and tsunamis.  These disasters 
damage physical assets and generate a huge amount of debris, causing 
considerable disposal challenges for national and local public officials.  In the past, 
a primary objective was to transport debris generated by disasters from an original 
site to a final destination, a landfill, as soon as possible. Consequently, the debris 
generated by hazards was simply buried or burned (EPA 1995). The previous 
management systems have resulted in the dumping of chemical and biological 
waste as well as overuse of incineration for hazardous waste for faster debris clean 
up. In addition, the smoke resulting from the use of incinerators for debris removal 
can have negative health impacts in communities, and the affected communities 
subsequently may bear the economic burden to build more landfills for the huge 
amount of debris problem because of a shortage of landfills.   
Thus, an effective debris management system is needed to handle the 
overwhelming amount of debris generated in a timely manner. Currently, the 
volume of debris generated by natural disasters is five to ten times the annual 
waste generation rate of a community (see Table 3-1). 
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The huge amount of debris causes delays in debris removal. It also hinders 
emergency response as well as the post-disaster recovery process.  For example, 
10 million cubic meters of debris was generated by the earthquake in Haiti in 2010. 
The Interim Haiti Recovery Commission (2010) reported that the debris from the 
partial destruction of the main port of Port-au-Prince and the debris on main roads 
hampered emergency response and recovery for many months after the 
earthquake. 
 
Table 3-1 Historical volume of debris 
Year Event Volume 
(Million m3) 
Data 
2010 Earthquake, Haiti 23~60 Booth (2010) 
2005 Hurricane Katrina, USA 76 Luther (2006) 
2004 Indian Tsunami 10 Bjerregaard (2010) 
 
In addition, insufficient infrastructure and resources would be bottlenecks to handle 
debris in a timely manner. For example, even nine months after the earthquake, 
the destruction continued to disrupt the lives of many Haitians.  After 12 months, 
only two million cubic meters (3~10%) of the total debris had been removed even 
though the government of Haiti had identified debris removal and management as 
one of the top priorities for the recovery process (UN 2011).  This situation occurred 
because Haiti’s poor or impaired infrastructure system and insufficient resources 
could not support a debris management system. Haiti’s experience points out how 
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critical it is to develop an infrastructure system and the required resources to 
maintain it in order to expedite debris removal in a community. 
To comprehend resilience for debris management in disasters, an effective 
framework for debris management is needed. Brown et al. (2011) overviewed most 
of the existing literature with respect to debris management. Their review contains 
debris management plans, guidelines, and isolated case studies. A great deal of 
literature exists that reviews certain types and amounts of debris, technical debris 
management options such as a temporary debris management site, recycling 
methods, and landfills (EPA 2008, FEMA 2007, Salvatore and Cahill 2007). 
However, there are little or no guidelines to describe how those technical debris 
management options should be integrated in a debris management program in a 
community (Brown et al. 2011 and US Army Corps of Engineers 2013). Brown et 
al. (2011) also mentioned that comprehensive and cohesive research for debris 




3.2 Research objectives 
This thesis introduces a framework for effective debris management, and its 
specific objectives are: 
• Identify and establish the interrelationship between the infrastructure and 
the resources for different debris removal activities. 
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• Analyze debris removal activities with respect to the infrastructure/ 
resources interrelationships. 
• Develop a framework to select a suitable location for a temporary debris 
management site with geographical and optimization analysis. 
• Simulate a current debris management system in a community to identify 
feasible issues a community may have (i.e., shortages of required 
resources and infrastructure capacity for debris removal). 
• Provide a strategy for allocating current or additional resources to increase 
the capacity of infrastructure to maximize debris removal productivity and 
minimize the total duration of debris removal. 
 
 
3.3 Literature review 
Depending on a disaster’s nature, severity, and environmental conditions in a 
community, a disaster can create extremely large volumes of debris. The huge 
amount of debris can overwhelm existing solid waste management facilities and 
can have impacts on other emergency response and recovery activities. In addition, 
poorly managed debris can have significant environmental and public health 
impacts and affect the overall post recovery process.  
The main focus of the literature review is collecting all debris management issues 
historically and analyzing common problems in a community after natural disasters. 
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The current debris management systems suggested by FEMA and USACE are 
also discussed. 
 
3.3.1 Type of debris generated by diverse disasters 
It is well recognized that different types of debris are generated depending on both 
the type of built environment in a community and the type of disaster (EPA 2008). 
The variation also occurs in the composition of manageability: the ability to recycle, 
the level of hazards, and the handling procedures required. For instance, the 
debris management team following Hurricane Katrina were challenged by the 
mixture of hurricane- and flood-generated debris (Luther 2006). This mixture 
complicates debris removal because each type of debris requires different 
management approaches. Baycan (2004) classified debris components in a 
comprehensive manner: recyclable materials, non-recyclable materials, and 
hazardous waste. The EPA (2005) organized debris into five major categories: 
damaged buildings, sediments, green waste, personal property, and ash and 
charred wood.  
The types of debris generated by different disasters are shown in Table 3-2, and it 
is recommended that a debris management system be set up based on the type 
of debris (FEMA 2007). Most disasters such as hurricanes, tsunamis, tornadoes, 
and floods generate all types of debris. Thus, a debris management team should 
prepare their debris management system in order to handle various types of debris 
in a timely manner with the required infrastructure and resources. 
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Table 3-2 Typical debris by different types of disaster (FEMA 2007) 

















































Vegetative O O O O  O O 
Construction and 
demolition 
O O O O O   
Personal property/ 
Household 
O O O O O O  
Hazardous waste O O O O    
Household hazardous 
waste 
O O O O O O O 
White goods O O O O O O  
Soil, mud and sand O O  O O O  
Vehicles and vessels O O O O    
 
 
The composition of disaster debris varies according to the characteristics of a 
community (e.g., geographic location, population density, and socioeconomic 
setting). Hazardous materials enter the debris stream from various sources 
including households, commercial activities, and institutional sources, as well as 
industrial sources. Types and amounts of hazardous materials can vary 
considerably due to the specific source conditions. 
Significant amounts of debris with a composition similar to that of construction and 
demolition (C&D) waste are generated in disaster events in urban areas. The 
materials can consist of the following: building materials such as concrete, asphalt, 
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masonry, brick/cinder blocks, plaster, drywall, and various forms of wood and wood 
composites/ laminates; metals including structural steel, pipes, and tubing; framing 
components such as doors and windows; wiring materials; plumbing components; 
insulation materials; various forms of soil and earthen materials; and vegetation. 
In addition, large quantities of metal, composite, and polymeric wastes are 
generated from vehicles, equipment, and appliances. In rural areas, the debris will 
typically contain a low amount of synthetic components and advanced singular and 
composite polymeric and metallurgical materials. High amounts of natural 




3.3.2 Debris quantities 
Table 3-3 shows the reported debris volumes from some large-scale disasters 
since 2004. As can be seen from the table above, debris quantities are reported in 
terms of either mass (tons) or volume (cubic yards or meters). None of the debris 
quantities reported explicitly stated how they were measured, calculated, or 
estimated (i.e., debris volumes or mass per house or affected area, truck loads, or 
landfill volumes).The majority of the disaster debris quantity data available are from 
disasters in the U.S., which is largely due to the established disaster debris 
management processes required for federal emergency funding eligibility and the 
USACE (FEMA 2007). 
  
  44 
 
                    4
4
 
Table 3-3. Historical debris quantities 
Year Event Debris quantity Reference 
2011 Japan tsunami 70 - 180 million tons Yesiller (2012) 
2010 Haiti earthquake 23 - 60 million tons Booth (2010) 
2009 L’Aquila, Italy 
earthquake 
1.5 -3 million tons Di.Coma.C. (2010) 
2008 Sichuan, China 
earthquake 
20 million tons Taylor (2008) 
2005 Hurricane Katrina,  
Louisiana U.S. 
76 million cubic meters Luther (2008)  
 
2004 Hurricanes  
Florida, U.S. 
3 million cubic meters Solid Waste Authority 
(2004) 
2004 Indian Ocean 
Tsunami 
10 million cubic meters Bjerregaard (2010) 
2004 Hurricane Charley, 
U.S. 
2 million cubic meters MSW (2006) 
 
 
3.3.3 Temporary debris management site 
A temporary debris management site (TDMS) for recycling, sorting, and debris 
processing is recognized as an important element by many governmental agencies 
(FEMA 2007, EPA 2008, UNEP and OCHA 2011) for debris management as a 
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designed buffer to properly sort, recycle, and dispose of debris instead of the past 
debris management objective of simply hauling all debris as soon as possible from 
a community to a final destination (see Figure 4-5).  
 
Past debris management system 
 
 
Recommended debris management system 
 
Figure 3-1 Debris management system 
 
 
FEMA (2007) designed a basic layout for a TDMS (see Figure 4-6). According to 
the FEMA(2007), experience has shown that 100 acres of TDMS are required to 
process one million cubic yards of debris. 
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Figure 3-2 Sample TDMS layout (FEMA 2007) 
 
Figure 3-3 describes the general process for debris removal (FEMA 2007). After 
estimating the quantity of debris, the collection activity begins by hauling debris 
from debris collection sites to either debris management sites or recycling sites. 









Figure 3-3 Debris management site components (FEMA 2007) 
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Brown and Milke (2009) concluded that there is a trade-off between speed of 
clean-up, degree of diversion, recycling of debris, treatment, and disposal options. 
The overall period of debris removal depends on the option selected and the 
resources and infrastructure in a community. The role of the TDMS facilities 
becomes very important because it satisfies both the speed of debris removal and 
the degree of diversion.  In addition, FEMA (2007) released a new pilot program 
that provides incentives for communities to recycle by allowing them to retain the 
revenue from the sale of disaster debris. This groundbreaking policy offers 
significant financial benefits for communities seeking to cleanup in an 
environmentally responsible way.  Fetter et al. (2010) presented a decision model 
with recycling incentives for locating TDSR facilities in support of disaster debris 
cleanup operations.  
However, an inappropriate TDMS can bring unexpected/negative effects to a 
community economically and environmentally. For example, the expense of 
double-handling the debris and acquiring land for the site can be limiting factors in 
the usage of a TDMS (FEMA 2007). In addition, unsuitable TDMS locations in 
areas such as playgrounds, swamps, and rice paddies has been cited as 
potentially damaging to the environment and affecting the livelihood of people in a 
community.  
The International Recovery Platform and UNDP-India (2010) reported that debris 
needs to be sorted based on the intended uses of the different materials in order 
to recycle waste effectively. Collecting mixed debris may be the quickest way to 
clean up areas for reconstruction and the activities that follow; however, sorting 
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debris at a later stage, such as at a TDMS or a transferring site, can be time-
consuming and work-intensive, making it cost-prohibitive. For example, the debris 
from the 2008 Wenchuan earthquake in China and the 1995 Great Hanshin-Awaji 
earthquake in Japan was rapidly collected and removed before the sorting process. 
Post-evaluations of the Japanese earthquake debris removal program noted that 
while the demolition and removal of debris was completed quickly, many 
salvageable building materials and components were demolished in the process 
(Disaster Reduction Learning Center Institution and The Great Hanshin-Awaji 
Earthquake Memorial Disaster Reduction and Human Renovation 2008). 
Additionally, immediate removal before sorting also requires significant TDMS 
space as well as measures to prevent contamination of nearby water and food 
sources. A TDMS also can attract vermin such as rodents and other pests, produce 
noise and odors at levels deemed unacceptable by residents, or put a large burden 
on normal traffic patterns. To prevent these negative effects, the EPA (2008) made 
the following TDMS suggestions: 
 
 Sufficient in size with appropriate topography and soil type. 
 Located an appropriate distance from potable water wells and rivers, lakes, 
and streams. 
 Not located in a floodplain or wetland. 
 Controls in place to mitigate storm water runoff, erosion, fires, and dust. 
 Free from obstructions, such as power lines and pipelines. 
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 Limited access with only certain areas open to the public such as areas to 
drop off debris. 
 Located close to the impacted area but far enough away from residences, 
infrastructure, and businesses that could be affected by site operations. 
 Preferably located on public land because approval for this use is generally 
easier to obtain, but it could also be located on private lands. Consider 
potential agreements with private land owners in advance to ensure the use 
of these needed areas. 
 
 
3.3.4 Capacity building for enhancing resilience of community 
Tierney and Bruneau (2007) emphasized that critical infrastructure, including 
transportation and utility lifeline systems, is essential to enhance resilience in a 
community by four determinants: robustness, redundancy, resourcefulness, and 
rapidity. In addition, Deshmukh and Hastak (2009) concluded that the impact of 
natural disasters is further escalated by failures of critical infrastructure in a 
community, and such failures are significantly related to the conditions of critical 
infrastructure. To prevent the cascading failures, Deshmukh and Hastak (2012) 
suggested a framework for increasing the resilience of a community by expediting 
disaster recovery through capacity building and enhancing infrastructure 
performance. They defined their framework as follows: “The resources available in 
post disaster situations are identified as the capacity of the community. Ability of 
the community to acquire and utilize additional capacity for mitigating impacts in 
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post disaster situations is defined as capacity building.” The framework provided a 
unique approach to integrate the results available from loss assessment tools and 
locally available data with exploring interrelationship between communities, 
industries, and related critical infrastructure.  
 
 
3.3.5 Resilience for debris management 
Many authors or organizations have defined resilience (see Table 3-4). 
 




The capacity of the damaged ecosystem or community to 
absorb negative impacts and recover from them. 
Pelling  
(2003) 





Ecosystem resilience is the capacity of an ecosystem to 
tolerate disturbance without collapsing into a qualitatively 
different state that is controlled by a different set of 
processes. A resilient ecosystem can withstand shocks and 
rebuild itself when necessary. Resilience in social systems 
has the added capacity of humans to anticipate and plan 
for the future. 
UNISDR 
(2005) 
The capacity of a system, community, or society potentially 
exposed to hazards to adapt, by resisting or changing in 
order to reach and maintain an acceptable level of 
functioning and structure. This is determined by the degree 
to which the social system is capable of organizing itself to 
increase this capacity for learning from past disasters for 
better future protection and to improve risk reduction 
measures. 
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To comprehend resilience for debris management in disasters, a debris 
management team should recognize both the current solid waste management 
system and the debris management system in a community. In general, the debris 
management systems is integrated with the solid waste management system in a 
community after disasters (see Figure 3-4). A TDMS and additional resources such 
as mobile incinerators, hauling trucks, and power generators are integrated with 
the solid waste management system. 
 
 
Figure 3-4 Process to build debris management system 
 
 
Guerrero et al. (2012) studied various factors which have an impact on a solid 
waste management system at each activity (see Figure 3-5). They identified the 
essential infrastructure needed, such as transportation systems, economic 
technologies, and facilities for treatment, recycling, and disposal. Essential 
resources have been identified as a hauling vehicle, incinerators, and chipping and 
grinding equipment (Karunasena et al. 2009) and proper knowledge of treatment, 
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 Poor route/improper bin collection (Hazra and Goel 2009) 
 Infrastructure/vehicle for waste collection (Henry et al. 2006) 
 Organization of the informal sector (Sharholy et al. 2008) 
 Quality of roads (Abarca et al. 2012) 
 Transportation facility available (Abarca et al. 2012) 
Treatment  Knowledge of treatment systems by authorities (Chung and 
Lo 2008) 
 Suitable infrastructure (Abarca et al. 2012) 
 Local knowledge of waste management issues (Abarca et 
al. 2012) 
Disposal  Supply of containers and distances (Scheinberg et al. 2011) 
 Priced disposal (Scheinberg et al. 2011) 
Recycling  Organization of informal sector (Sharholy et al. 2008) 
 Collection of recyclables supported by companies (Matete 
and Trois 2008) 
 Efficiency collection system (Abarca et al. 2012) 
 
Figure 3-5 Factors analysis for solid waste management system performance 
 
 
USACE (2013) stated after Hurricane Sandy that there are four specific challenges 
for debris management: 
 Experience and training 
 Scope of work development and cost estimation 
 Quantification, tracking, and reporting 
 Standard operation procedure 
Thus, an effective framework is needed to understand a debris management 
system in a community. Brown et al. (2011) also mentioned that comprehensive 
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and cohesive research for debris management will lead to better preparedness 
and response to debris management issues. 
 
 
3.4 Framework for effective debris management 
A framework is essential for debris management teams to evaluate and enhance 
the current debris management system in their communities. This thesis reviewed 
the existing literature for debris management with respect to debris management 
plans, guidelines, and isolated case studies, as well as technical management 
options such as TDMS, recycling methods, and disposal. 
This thesis introduces a framework for effective debris management in this chapter. 
The proposed framework utilizes Geographical Information System (GIS) to select 
suitable TDMS locations and system dynamics to understand the behavior of 
complex systems over time. The system dynamics portion of the framework utilizes 
internal feedback loops to deal with the time delays that affect the behavior of an 
entire debris management system. 
 
 
3.4.1 General debris removal activity 
To develop an effective framework for debris management, understanding the 
general debris management activity is essential. Thus, this thesis first identified 
the general process for debris removal and the required infrastructure and 
resources. To understand and enhance a debris management system, a decision-
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maker needs to identify all of the infrastructure and resources related to debris 
removal activities after natural disasters.  
The debris removal activity consists of four steps: 1) determine the debris 
generated in the disaster-affected areas; 2) collect the debris and haul it to a 
temporary debris management site; 3) process the debris to sort and reduce the 
volume of debris; and  4) haul the debris to a final destination, landfill, or recycle 
facility (see Figure 3-6). 
 
 
Figure 3-6 General debris removal activity 
 
 
3.4.2 Inter-relationship with infrastructure and resources 
To enhance resilience for debris removal, a community should recognize its 
capacity and resources. Identification of infrastructure and resources in the pre-
disaster phase of a management plan can be effective in estimating a community’s 
capacity and to establish which resources and infrastructure should be enhanced 
to reduce disaster impacts.  
The literature review indicated that transportation, electricity, and debris handling 
facilities were identified as part of the basic infrastructure capacity for debris 
removal. In addition, equipment, labor, and civic management are categorized as 
Debris Collect Process Final destination
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resources for debris removal. The balance between capacity and resources should 
be maintained for effective debris management in a community.  
To understand how infrastructure and resources in a community can affect debris 
management, Figure 3-7 describes the interrelationship of debris management to 

















Figure 3-7 Inter-relationship with infrastructure and resources 
 
The inter-relationship above is represented by a system dynamic model in Figure 
3-8.  
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Figure 3-8 Basic system dynamic model for debris management 
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The system dynamic model has the basic building blocks shown in Table 3-5 below. 
 
Table 3-5 Basic building blocks  
 
Box variables represent quantities. These are the main 
“nouns” in the system. Box Variables are also referred to 
as Level Variables. 
 
Rates represent changes in a quantity over time. These 
are the “verbs” in the system. Rates coming out of a box 
variable decrease that quantity. Rates going into a box 
variable increase it. 
 
Auxiliary variables can contain constants or other 
parameters. Auxiliary variables loosely correspond to 
“adjectives” and “adverbs” in the system. 
 Arrow tools allow the creation of a link between one 
variable and another.   
(Source: Vensim Introduction http://www.vensim.com/documentation/) 
 
Four stations in Figure 3-9, Debris, Collection, Processing and Disposal, are 




Figure 3-9 Box variables and Rates in a basic system dynamic model 
 
The equations for all box variables are described in Table 3-6 below. 
 
  58 
 
                    5
8
 
Table 3-6 Equations for box variable 
 
Box variable Equations 
Debris 
= IF THEN ELSE(Debris>0,-Productivity1,0) 
Initial value : 169000 CY 
Collection = - Productivity2+Productivity1 
Processing = +Productivity2-Productivity3 
Disposal = INTEG(Productivity3) 
 
The productivity between each station represents the daily amount of debris 
transferred by hauling methods. It is represented as the rate in Figure 3-9.  The 
equations for productivity are described in Table 3-7 below. 
Table 3-7 Equations for productivity 
Productivity Equations 
Productivity1 













= STEP(IF THEN ELSE(Processing>0,IF THEN 
ELSE(Processing > Equipment3*18/(Distance 3/Average 
speed 3/2)*Efficiency,Equipment3*18/(Distance 3/Average 
speed 3/2)* Efficiency,Processing),0),1) 
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To estimate the productivity in the system dynamic model above, the equation for 
construction productivity is utilized (Schaufelberger 1999) and shown below as 
Equation (1).  
 
Productivity =  
Efficiency × Capacity
Cycle time
                               (1) 
 
In Equation (1), Capacity is determined by the type of hauling methods. Cycle time 
is the sum of the loading, hauling, dumping, and returning times for the hauling 
methods. Efficiency is determined by the job conditions and management 
conditions (see Table 3-8).  
 
Table 3-8 Efficiency for construction equipment (Schaufelberger 1999)   
Job Conditions 
Management conditions 
Excellent Good Poor Fair 
 Excellent 0.84 0.81 0.76 0.70 
Good 0.78 0.75 0.71 0.65 
Poor 0.72 0.69 0.65 0.60 
Fair 0.63 0.61 0.57 0.52 
 
To determine an efficiency value in Table 3-8, this thesis created three individual 
factors: serviceability of transportation, serviceability of electric facility, and civic 
monitoring. Further, it was assumed that the serviceability of transportation and 
electric facility affected job conditions and that civic monitoring affected the 
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management conditions in Table 3-8. The three factors are described in the system 
dynamic model in Table 3-9 below.  
 











To apply certain damage and repair rates into the factors above, the rate function 
in the system dynamics model is used (see Table 3-10). 
 
Table 3-10 Rate in a system dynamic model 
 
Damage rate of transportation and electric facility after 
disasters 
 
Rate for maintenance and repair (M&R) after damage by 
a disaster 
 
Civic efforts to enhance debris monitoring  
 
All the equations for box variables and rates are described in Table 3-11 below. 
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Table 3-11 Equations in rates 
Type Equation 
Transportation "M&R"-Damage 
Initial value : 1 
Electric  
Facility 
"M&R 0"-Damage 0 




Initial value : 1   
M&R = IF THEN ELSE(Transportation<=1,RANDOM 
NORMAL(0.007, 0.015 , 0.012 , 0.008 , 2 ), 0) 
Damage = STEP(0.65,0)-STEP(0.65,1) 
M&R 0 = IF THEN ELSE(Electric facility<=1,RANDOM 
NORMAL(0.009, 0.012 , 0.01 , 0.008 , 2 ), 0) 
Damage 0 = STEP(0.25,0)-STEP(0.25,1) 
Civic = 0  (No additional monitoring resources) 
 
After disasters, the serviceability of the transportation system and electric facilities 
will be rehabilitated continuously. To determine a value in the job conditions in 
Table 3-8, this thesis assumed the following attributions: 
 Management conditions are good (see Table 3-8) 
 Job conditions are determined by serviceability of transportation and 
electric facility 
o Serviceability of transportation is given a weight of 2 
o Serviceability of electric facility is given a weight of 1 
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 Fair in job conditions is selected when 40% of the serviceability of 
transportation and electric facility are provided 
 Excellent in job conditions is selected when 100% of the serviceability of 
transportation and electric facility are provided  
 
With the attributions above, the relations between the efficiency and serviceability 
of transportation and electric facility are built in Table 3-12 below.  
 
Table 3-12 Weighted values 




(S.T + S.E.) / 3 
(W.V.) 
Efficiency 
1 1 2 1 1 0.81 
0.8 0.8 1.6 0.8 0.8 0.75 
0.6 0.6 1.2 0.6 0.6 0.69 
0.4 0.4 0.8 0.4 0.4 0.61 
S.T. : Serviceability of transportation / S.E. Serviceability of electric facility / W.V.: Weighted value 
 
Based on the table above, linear regression analysis was applied to develop an 





+ 0.47                                (2) 
𝑆𝑇: 𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛      𝑆𝐸 ∶ 𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦   
 
Figure 3-10 describes a part of the basic system dynamics model for an efficiency 
value. 
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Figure 3-10 Efficiency for productivity in system dynamics 
 
A result from the model above is described in Figure 3-11 below. 
 
 
Figure 3-11 Efficiency value 
 
The value of efficiency can be continuously improved by rehabilitating the 
serviceability of transportation and electric facility. Efficiency for the system was 













0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Days
Efficiency Serviceability of electric facility Serviceability of transportation
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3.4.3 Framework for effective debris management in a community 
 
To expedite debris management before or after natural disasters, an appropriate 
framework is necessary. Kim et al. (2013) suggested a basic framework for debris 
management (see Figure 3-12). 
 
 
Figure 3-12 Basic framework for effective debris management 
(Kim et al. 2013) 
 
The proposed framework for effective debris management offered by this thesis is 
described in Figure 3-13. The framework consists of four steps. Step 1 is data 
collection and analysis. In Step 1, a decision-maker needs to collect essential 
information and data such as facility location, capacity and serviceability of 
infrastructure for debris removal (TDMS, recycle facility, and final destination) and 
available resources (hauling methods, debris loading equipment, and incinerators).  
 
Step 2 is TDMS selection. This step addresses providing appropriate TDMS 




















• Time-based capacity 
at transferring sites 
and final destinations
Expected results
• Identify current 
debris removal 
duration
• Identity a bottleneck 
in debris removal 
activities
• Identify resource and 
capacity shortage 
issues
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improper locations for TDMS. The proposed TMDS selection model consists of two 
modules, geographical analysis and optimization analysis. The geographical 
analysis is conducted to find feasible areas for TDMS. The optimization analysis  
searches for suitable TDMS locations in the feasible areas.  
Step 3 applies both the information above and the characteristics of a community 
into a system dynamics model. System dynamics is an approach used to 
understand the behavior of complex debris management systems over time. It 
deals with internal feedback loops and time delays that affect the behavior of the 
entire debris management system. The basic system dynamic model in Figure 
3-13 will be reconstructed in order to fit the characteristics of the community. 
 
Step 4 is the results of the simulation, which provides the various information below: 
 The amount of debris at each station 
 Daily productivity: the amount of debris transferred by hauling method 
 Duration for total debris removal at each station 
 Total duration of debris removal in a community from the disaster 
occurrence to a final destination 
 Difference of debris removal speed based on type of debris handling options 
and the number of equipment 
 Balance between the number of loaders and haulers to minimize idle time 
 Total cost for debris removal  
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Debris estimation Infrastructure Resources






















Simulation results : total duration, Productivity, Amount of debris in transferring sites
Input current data
 Bottle-neck
 Resource shortage issues
 Infrastructure capacity issues
 Environmental conditions
 Historical conditions






 Debris removal time




Figure 3-13 A framework for effective debris management 
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Step 4 is analysis of the results to discover any issues or bottlenecks for debris 
removal in the process, as well as both the total costs and working days with 
certain conditions such as the number of TDMS or equipment available. After 
identifying the causes, suggested options in terms of either the capacity or the 
resources a community is able to add are applied to the model. The options are 
simulated to determine if they could resolve the issues and enhance the debris 
management system (e.g., suitable options to minimize either the total working 
days or operation costs). Those suggestions then are integrated with the economic 
and environmental analysis.   
 
 
3.5 Case study: debris management in hypothetical community 
 
3.5.1 Step1. Data collection and analysis 
Step 1 is data collection and analysis. To simulate the proposed framework, this 
thesis assumed certain attributes as shown in Table 3-13. It was also assumed 
that the debris is generated by HAZUS-MH (10-year hurricane event) and that the 
community has sufficient construction equipment and loaders to load debris to a 
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Table 3-13 List of attributes 
 
List Attributes Description  
Population 2,500,000  
 










1 ton = 4CY 
 
Recycling facility 1  
 
Landfill 1  
 
Civic monitoring Good 
Schaufelberger (1999) (See Table 3-8) 
 
Job condition Fair to Good 
Schaufelberger (1999) (See Figure 3-11) 
 
Initial numbers of 
equipment 
Collection points to TDMS = 30EA 
TDMS to Recycling facility = 60 EA 
TDMS to Landfill = 90 EA 
 
Equipment capacity 18 CY/each 
25 ton 
 
Equipment speed 25 mph (In a community) 




    65% Repair rate 
RANDOM NORMAL(0.007, 0.015 , 0.012 ) 




     50% Repair rate 
RANDOM NORMAL(0.009, 0.012 , 0.010 ) 
                                   Min       Max    Mean 
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To suggest effective debris management for a decision-maker in a hypothetical 
community, this thesis simulated nine case studies. The number of TDMS and 
hauling trucks for the studies are described below (see Table 3-14). 
 
Table 3-14 Values for case studies 






















(   ): Case code   
 
To estimate the operation costs for debris removal, this thesis assumed certain 
attributes shown in Table 3-15 below.  
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Table 3-15 Operating costs 
 
List Numbers  
(or size) 












(Caterpillar inc. 2013) 
(Schaufelberger 1999) 
Air incinerator  
in TDMS 
4 $114000(Purchase) + $606.2/day (Fuel + Operator) 
(American Auctions • 
Liquidations • Appraisals 
2014) 
Tub grinder in 
TDMS 







$1856.68/day (Rent + Fuel + Operator) 
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Figure 3-14 describes the debris generated in a hypothetical community 
 
Figure 3-14 Debris generated in a hypothetical community 
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3.5.2 Step 2: TDMS selection model 
To provide appropriate TDMS locations for a debris management team and 
minimize unexpected damages by improper location of the TDMS, this thesis 















Figure 3-15 TDMS selection model 
 
The proposed TDMS selection model consists of two modules: geographical 
analysis and optimization analysis. After collecting all required geographical data, 
the proposed model generates feasible areas for a TDMS by geographical analysis 
in GIS. The next step is to select an appropriate location for a TDMS from the 
feasible areas by optimization analysis.  
 
3.5.2.1 Geographical analysis 
To start geographical analysis, the TDMS selection model requires certain data 
from a community. The required data are described below; and based on either a 
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characteristic of the community or a decision-maker’s choice, the criteria would 
change.  
 Topography 
 Locations of debris generated 
 Road network with current serviceability 
 Debris handling facilities 
 Residential area 
 School, church, hospital and historical areas 
 Wetlands / 100-year flood area  
 
The data above are input into GIS (see Figure 3-18). To automate geoprocessing 
the data, ModelBuilder in GIS is utilized.  
 
 
Figure 3-16 Symbols in ModelBuilder 
 
“Projected Data” is an input dataset such as a feature class, raster, or table. “Tool” 
is for geoprocessing, such as projecting a dataset from one map to another map 
projection or creating a buffer zone around features. “Derived Data” is a new 
dataset after geoprocessing (ArcGIS Resource Center 2010). Figure 3-17 shows 
how feasible TDMS areas are automatically acquired by GIS. Prohibited areas are 
selected in accordance with the guidelines under “Protect Human Health and the 
Environment When Selecting Temporary Debris Management Sites” (EPA 2008)  
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Figure 3-17 Geoprocessing for searching feasible TDMS areas 
 
The prohibited areas are combined with a certain buffer, 0.62 miles. Then the 
areas are merged as a new dataset, “Prohibited Areas.” Finally, the prohibited 
areas are subtracted from an original map of the community and GIS produces a 
new dataset, “Feasible Areas (see Figure 3-17). Figure 3-18 describes how 
feasible areas in a community are generated automatically by geoprocessing in 
GIS.  
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Disaster-affected community Geographical analysis in GIS Feasible areas for TDMS  
Figure 3-18 Geographical analysis in a TDMS selection model  
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3.5.2.2 Optimization analysis 
Most of the expenses for debris removal are for hauling debris by equipment such 
as trucks, rail, or barges. Equation (3) calculates the productivity of construction 
equipment (Schaufelberger 1999).  
 
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒
                                        (3) 
 
Within the limited efficiency and capacity of construction equipment, the cycle time 
is a critical factor to expedite the productivity above. To facilitate the productivity, 
a TDMS should be located to maximize the number of cycles of hauling trucks per 
day (i.e., a TDMS should be sited to minimize the total hauling distances from the 
collection points to the TDMS. 
Optimization analysis is applied to select the best TDMS location that minimizes 
the total hauling distance from the collection points to the TDMS among the TDMS 
candidates (see Equation (4)). 
 





𝐷𝑖𝑇𝑗 ∶ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝐷𝑖  𝑡𝑜 𝑇𝑗 
𝐷𝑖: 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑑𝑒𝑏𝑟𝑖𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 
𝑇𝑗: Location of TDMS candidate 
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To determine a suitable location from the feasible areas, 30 TDMS candidates are 
selected (see Figure 3-19). Then, the optimization analysis compares the total 
distances from the debris collection points to each TDMS candidate (see Equation 
(4)). Finally, it selects the best location with the minimum total distance among the 
30 TDMS candidates when only one TDMS is required. 
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 : TDMS candidate          : Selected location for TDMS 
Figure 3-19 Example of selected 1 TDMS location by optimization analysis  
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Unit() = 5 tons of debris 
 


























Units of debris within certain miles
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A unit () on the map represents five tons of debris. A star symbol () represents 
the selected location for the TDMS. The lines connecting from the debris to the 
selected TDMS on the map show that the debris belongs to the selected TDMS 
location. When selecting one TDMS, all debris belongs to the same TDMS. In 
Figure 3-20, the average distance from the debris collection point is 12.46 miles; 
and its standard deviation is 7.26 miles.   
For a case study, two locations of TDMS and three locations of TDMS were 
selected by the TDMS selection model; and the analyzed data are described below.   
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Unit() = 5 tons of debris 
 


























































Unit of debris within certain miles (TDMS B)
  82 
 









Unit() = 5 tons of debris 
 









5 10 15 20 25 30 35 40 45 50 55 60










5 10 15 20 25 30 35 40 45 50 55 60











5 10 15 20 25 30 35 40 45 50 55 60
Unit of debris within certain miles (TDMS C)
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1 TDMS 12.46 7.26 
2 
TDMS A 7.62 3.23 
TDMS B 9.12 6.47 
3 
TDMS A 6.4 3.28 
TDMS B 6.15 2.93 
TDMS C 7.98 5.82 
 
Using the TDMS selection model, a suitable location for TDMS was chosen (Table 
3-16).  
The average distance from the debris collection points to the selected TDMS 
decreases by increasing the number of TDMS. The next step is inputting all the 
geographical data and selected TDMS locations to the system dynamics model. It 
will find out how many TDMSs will be required to expedite debris removal. 
 
3.5.3 Step 3. Input the data into the system dynamics model 
The data collected in Step 1 and the location of the TDMS selected by the TDMS 
selection model in Step 2 are input into the system dynamics model to simulate 
(see Figure 3-23). In this step, the system dynamics model is modified to fit the 
characteristics of the community. For example, a community might have diverse 
hauling equipment as well as different infrastructure, which is then applied into the 
system dynamics model. 
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Figure 3-23 Input collected data into System dynamics (Case T1R180) 
 
 
3.5.4 Step 4. Simulation results 
To easily recognize the current debris management system in a community, the 
system dynamic model was designed to produce daily productivity and capacity 
reports at each station. Thus, debris management teams would utilize the daily 
productivity between each station in order to appropriately distribute additional 
resources to enhance the speed of debris removal. They also would be able to 
identify stations where the capacity should be increased or decreased to prevent 
any bottlenecks and wasted costs to operate the stations. 
Simulation result for T1R180 is described below.  
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Figure 3-24 Amount of debris in a community and final destination 
 
The total working days for debris removal in a community is 145 days. The debris 
removal time hauled to a final destination is 147 days. Based on the working days 
for debris removal, a total cost can be calculated by the operating costs in Table 
3-15. The estimated cost is $54,937,106 to clean up 1.67 M CY debris generated. 
 
A system dynamics model for debris management (Figure 3-25) also shows the 

















































































Amounts of debris over time
Debris in a community Debris in a final destination
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Figure 3-25 Daily productivity between stations 
 
Productivity 1 is the amount of debris hauled from a community to a TDMS. 
Productivity 4 is the amount of debris hauled from the TDMS to a final destination, 
Landfill. Productivity 2 is the amount of debris from the TDMS to a recycling facility. 
Productivity 1 shows more fluctuation than Productivity 2 and 4 because the 
distance from the debris in the community to the TDMS changes randomly every 
day based on the average distance and the standard deviation. The average 
distance in this example is 12.5 miles and the standard deviation is 7.26 miles (see 
Table 3-16).  
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Because of fluctuating debris-input to TDMS, daily amount of debris in TDMS is 
affected. However, the amount of debris in the TDMS has not been over its 
capacity, 1M CY, during working days. Maximum amount of debris in the TDMS 
has not been more than 40,000 CY. 
 
 
3.5.5 Step 5. Analysis of simulation results 
To provide various options for debris management to a decision-maker, this thesis 
conducted nine case studies. Different values for each case study are described 
below in Table 3-17. 
 
Table 3-17 Type of case-study 






















(   ): Case code   
 
Each study was conducted with different numbers of TDMS and hauling trucks. 
Each case code describes the number of TDMS and hauling trucks. For example, 
T1R180 states 1 TDMS and 180 hauling trucks are operating for that case study. 
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To estimate the total cost of each case study, the operation cost data were applied 
(see Table 3-15). The simulation results are shown in Figure 3-27. 
 
 
Figure 3-27 Result of simulations 
 
The range of the total costs was from $34,999,241(T3R240) to 
$56,525,977(T1R180). The range of total working days for debris removal was 
from 70(T2R240) to 147(T1R180) days. From the case studies, building three 
TDMS and utilizing 240 hauling trucks, T3R240, was selected as the optimized 


































Comparision of the simulation results
Total Cost
Debris hauled from collection points to TDMS
Debris hauled from TDMS to final destination
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The total working days are decreased by increasing the number of TDMS and 
resources. Comparison of T1R180 and T1R210 demonstrates that increasing the 
number of resources reduces the total cost as well as the working days. For 
example, increasing resources from 210 to 240, T1R210 to T1R240, slightly 
affected the total working days and cost. However, the working days for hauling 
debris from collection points to TDMS significantly decreased.  
The results also demonstrate that a balance between TDMS and resources is 
critical for debris removal. Comparison of T2R240 and T3R210 shows that 
additional TDMS might not have a positive effect at this point in time. The total 
working days is 76 for T3R210 and 73 for T2R240.  The total costs for debris 




This thesis suggests a framework for effective debris management for a resilient 
community. The framework provides a guideline to support a debris management 
team in identifying the required infrastructure and resources with respect to debris 
removal.  
The framework also provides a TDMS selection model for a debris management 
team guided by GIS. The TDMS selection model determines the location of TDMS 
by both geographical and optimization analysis. Through the geographical analysis, 
it automatically sorts out non-feasible areas which are likely to have environmental 
damage in a community from a long term perspective. It also visualizes feasible 
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areas on a map for the location of TDMS to assist a decision-maker. Secondly, the 
TDMS selection model provides optimization analysis to select an appropriate 
location for a TDMS. The analysis selects the TDMS location that minimizes the 
total hauling time from the debris collection points to the TDMS within the current 
road serviceability. Optimization analysis also provides the distances from the 
debris collection points to the selected TDMS. It enables a decision-maker to 
decide on the required number of equipment to haul debris within certain working 
days. The proposed TDMS selection model would be utilized to set up locations 
for TDMS in a debris management plan before disasters happen. In addition, it can 
be applied to any community that does not have pre-planning capacities for debris 
management. It enables a community to start operating debris removal as soon as 
possible while reducing potential risks such as higher cost for debris removal or 
environmental damage to a community. Debris management teams would greatly 
benefit from the strategic siting of TDMS in order to accelerate the debris removal 
process. 
 
The framework provides various debris removal options to a decision-maker. The 
debris removal options in the framework describe the total costs and working days 
with specific numbers of TDMS and resources. It will allow a decision-maker to 
comprehend the required budgets for debris removal and to select a suitable debris 
removal plan for a community. 
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This framework also can evaluate the current debris management system in a 
community to enhance its resilience from any disasters with cost analysis. A debris 
management team would be able to simulate their debris management system 
with the proposed system dynamics model for debris management to identify any 
bottlenecks or insufficient capacity of facilities before disasters. It enables a 
community to have a feasible debris management plan to rebuild the robustness 
of the community’s plan to disasters.  
 
Comprehensive and cohesive research for debris management will lead to better 
preparedness and response to debris management issues. This framework can 
resolve issues as to how selected technical debris management options will impact 
debris management in a community. 
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CHAPTER 4. CASE STUDY FOR HURRICANE SANDY IN NEW YORK 
4.1 Background and Needs 
Recent research shows that the world is experiencing more extreme natural 
disasters such as hurricanes, floods, earthquakes, and tsunamis (see Figure 4-1).  
These disasters damage physical assets and generate a huge amount of debris, 
causing considerable disposal challenges for national and local public officials.   
 
 
Figure 4-1 Numbers of disaster since 1990 
(Source: EM-DAT the international Disaster Database)
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Hurricane Katrina (2005) in the U.S. and the earthquake (2010) in Haiti 
emphasized the significance of sound emergency management for successfully 
responding and rebuilding in the wake of catastrophe (see Table 4-1). The two 
disaster responses emphasized that most significant aspects of disaster recovery 
are the debris removal and disposal from disaster-affected area (Fetter and Rakes 
2012). 
 
Table 4-1 Historical volume of debris 
Year Event Volume 
(Million m3) 
Data source 
2010 Earthquake, Haiti 23~60 Booth (2010) 
2005 Hurricane Katrina, USA 76 Luther (2006) 
 
 
Although the nature of debris can vary depending on the type of disaster(see Table 
4-2), disaster debris is often a mixture of one or more of the following: general 
household trash and personal belongings, construction and building materials, 
vegetative and organic waste, hazardous waste, appliances, and electronic 
devices. Disaster-caused combinations of these types often create new mixed-
categories with increased complexities for separating, cleaning, and disposing of 
the debris. 
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Table 4-2 Typical debris by different types of disaster (FEMA 2007) 

















































Vegetative O O O O  O O 
Construction and 
demolition 
O O O O O   
Personal property/ 
Household 
O O O O O O  
Hazardous waste O O O O    
Household hazardous 
waste 
O O O O O O O 
White goods O O O O O O  
Soil, mud and sand O O  O O O  
Vehicles and vessels O O O O    
 
 
Even though various research have been conducted for debris management 
options, there are little or no guidelines to describe how those technical debris 
management options should be integrated in the debris management system in a 
community to expedite the debris management (Brown et al. 2011, US Army Corps 
of Engineers 2013). Thus, comprehensive and cohesive research for debris 
management will be needed to have better preparedness and response to debris 
management issues. 
 
In Chapter 3, the thesis proposed a comprehensive framework for effective debris 
management for a resilient community with a hypothetical simulation. The 
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framework gave a guideline to support a debris management team to identify 
required infrastructure and resources with respect to debris removal. The system 
dynamic model in the framework also evaluated current debris management 
system in a community to enhance its own resilience from any disasters. A debris 
management team would be able to simulate their debris management system to 
identify any bottlenecks or insufficient capacity of facilities.  
In this thesis, the proposed framework was applied to the debris management 
system in New York City after Hurricane Sandy as a case study. 
 
 
4.2 Research objectives 
This thesis applied the proposed framework for effective debris management to 
NYC after Hurricane Sandy, and its specific objectives are: 
• Identify and establish the interrelationship between the infrastructure and 
the resources for different debris removal activities in New York City. 
• Analyze debris removal activities with respect to the infrastructure/ 
resources interrelationships. 
• Apply the TDMS selection model to select a suitable location for a 
temporary debris management site with geographical and optimization 
analysis in New York City 
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• Simulate a current debris management system in New York City to identify 
feasible issues a community may have (i.e., shortages of required 
resources and infrastructure capacity for debris removal). 
• Provide a strategy for allocating current or additional resources and capacity 
of infrastructure to maximize the debris removal productivity and minimize 
the total duration of debris removal 
 
 
4.3 Literature review: Disaster recovery in New York City 
Hurricane Sandy went down in history as 
one of the most destructive storms on 
record with thousands of homes 
destroyed or impacted within a 1,000-
mile area. The destruction of homes, 
piers, and trees created huge piles of 
timber, concrete, twisted metal and household items strewn along the shorelines. 
In general, debris generated by disasters easily exceed more than several times 
of daily amount of solid waste in normal condition. Debris generated by Hurricane 
Sandy was 5.25 million cubic yards, enough to fill the Empire State Building three 
times (Elias 2013). 
 
Figure 4-2 Debris in New York City 
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4.3.1 Infrastructure restoration after Hurricane Sandy 
4.3.1.1 Electricity   
Nearly two days after Hurricane Sandy barreled down the East Coast knocking 
down power lines and flooding residential streets, swaths of New York City area 
residents continued to suffer without electricity. According to Reuters, 20 percent 
of New York City was blacked out from Tuesday. Until November 1, more than 
600,000 ConEdison customers in New York City remained in the dark,  
 
 
(Source: Consolidated Edison / Data as of Wednesday, October. 31, 2012 at 12p.m. EST) 
 
Figure 4-3 Blackout in New York City after Hurricane Sandy 
 
  98 
 




Among the types of disasters, hurricanes or floods bring tremendous water into a 
community. These disasters hamper the emergency recovery process by blocking 
transportation infrastructure such as primary roads and tunnels (see Table 4-3). It 
also hampered the debris removal phase in New York City as it blocked the 
transportation system needed to haul debris to various places for processing or 
disposal. 
 
Table 4-3 Historical dewatering time after natural disasters 
Type Location Amount of water 
(Gallon) 
Duration 
Flood Chicago (1992) 250 million 30 days 
Hurricane South Louisiana(2005) 250 billion 60 days 
Hurricane New York (2012) 400 million 14 days 
 
4.3.2 Transportation 
Transportation system in a community is one of key factors for debris removal. 
Hurricane Sandy demonstrated the strengths and limits of the transportation 
infrastructure in New York City and the surrounding areas. All bridges and tunnels 
were closed before the storm. And most of bridges reopened in a short amount of 
time. However, most of tunnels experienced significant flooding (Kaufman et al. 
2012). Figure 4-4 describes recovery time of main tunnels after Hurricane Sandy. 
Most of tunnels were restored within 20 days. 
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Figure 4-4 Serviceability of main tunnels after Hurricane Sandy 
(Data source from Kaufman et al. (2012)) 
 
General commuting time was significantly increased. Kaufman et al. (2012) 
compared commute time before and after Hurricane Sandy. Average commute 
time is around 1.48 times higher than the normal condition in New York City after 
Hurricane Sandy (see Table 4-4). 
 










Brooklyn 42 86 2.05 
Manhattan 29 52 1.79 
Queens 45 47 1.04 
Bronx 41 63 1.54 





Queens Midtown Tunnel Lincoln Tunnel Holland Tunnel Battery Tunnel
0.2: Significant traffic     0.4: less significant traffic     0.6: partially open for commuters 
0.8: Partially for all vehicle 1.0 : Normal condition 
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4.3.3 Temporary debris management site 
 
A temporary debris management site (TDMS) for recycling, sorting, and debris 
processing is recognized as an important element by many governmental agencies 
(FEMA 2007, EPA 2008, UNEP and OCHA 2011). This acts as a designed buffer 
to properly sort, recycle, and dispose of debris because past debris management 
objective was hauling debris as soon as possible from a community to a final 
destination (see Figure 4-5).  
 
Past debris management system 
 
 
Recommended debris management system 
 
Figure 4-5 Debris management system 
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FEMA (2007) designed a basic layout for a TDMS (see Figure 4-6). According to 
EPA (2008), experience has shown that 100 acres of TDMS are required to 




Figure 4-6 Sample TDMS layout (FEMA 2007) 
 
 
There are advantages and disadvantages for installing a TDMS in a community. 
Brown and Milke (2009) concluded that there is a trade-off between speed of 
clean-up, degree of diversion, recycling of debris, treatment, and disposal options. 
However, an inappropriate TDMS can bring unexpected/negative effects to a 
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community economically and environmentally. For instance, the expense of 
double-handling debris and acquiring land for the site can be limiting factors in their 
usage of TDMS (FEMA 2007).  
 
Table 4-5 Advantages and disadvantages for installing TDMS 
Advantages Disadvantages 
Speed-up for cleaning debris from a 
community 
(Brown and Mike 2009)  
Expense of double handling of debris 
/ acquiring lands for installation of TDMS 
(Brown and Mike 2009) 
Speed up concurrent / following disaster  
recovery 
(i.e., Emergency service, Reconstruction) 
(Brown and Mike 2009) 
Unsuitable locations of TDMS have negative 
effects 
(Environmental effects – noise / odor / affected 
people’s livelihoods) 
(UNDP 2010) 
Provide a buffer to properly sort, burn and 
recycle debris in TDMS (FEMA 2007) 
Heavy traffic near TDMS area 
(EPA 2008) 
Financial benefits from FEMA’s incentive 
program (FEMA 2007) 
 
 
The overall period of debris removal depends on the option selected and the 
resources and infrastructure in a community. The role of TDMS facilities becomes 
very important part because it satisfies both the speed of debris removal and the 
degree of diversion 
 
 In New York City, a TDMS was established in two places: Fresh Kills landfill and 
Jacob Riis landfill (see Figure 4-7). In general, the TDMS sites were operated 24/7.   
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(Image source: KEVIN P. COUGHLIN/NEW YORK DAILY NEWS) 
 
Figure 4-7 TDMS in Jacob Riis Park, New York City 
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4.3.4 Debris management system in New York City 
On October 29 2012, Hurricane Sandy made landfall along the northeast coast 
causing electrical outrages for more than 8.5 million people, flooding seven 
subway tunnels, two wastewater treatment plants, and the World Trade Center site 
in New York City. On the evening of October 31, FEMA’s Safety Health and 
Medical Readiness Office contacted USACE to request direct support from 
USACE for the FEMA safety mission. The USACE responded immediately and 
provided debris removal as well as bottled water, ice, temporary emergency power, 
temporary housing, technical assistance, and infrastructure assessment. By 
November 6, the dewatering and temporary power mission were almost complete, 
nine days after landfall (Woodey 2013). The USACE received a $95 million debris 
removal mission to collect debris in affected communities and operate temporary 
debris management sites in Fresh Kills and Jacob Riis Park in the New York City 
area. Debris flow is described in Figure 4-8. 
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Hauling routes of debris generated by the Hurricane Sandy are shown in Figure 
4-8. The debris in TDMS is hauled to the Port of Coeymans by a tug with barges 
after being sorted and processed.  
 
 
(Image source: Brandon A. Beach, USACE) 
Figure 4-9 Transferring station in Port of Coeymans 
 
 
The Port of Coeymans was utilized as a transferring site to hold and re-transfer 
debris from NYC to final destinations, Seneca Meadows and Colonie landfills (see 
Figure 4-10).  
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Figure 4-10 Debris management system in New York City 
 
Figure 4-10 describes debris-hauling routes from New York city to final 
destinations, Seneca Meadows landfill and Colonie landfill. 
 
4.4 Case study: Debris management in New York City 
The thesis proposes a framework for effective debris management in chapter 3 
(see Figure 4-11). In the case study, the thesis applies the proposed framework to 
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Debris estimation Infrastructure Resources






















Simulation results : total duration, Productivity, Amount of debris in transferring sites
Input current data
 Bottle-neck
 Resource shortage issues
 Infrastructure capacity issues
 Environmental conditions
 Historical conditions






 Debris removal time
 Debris removal cost
 Required equipment
 
Figure 4-11 A framework for effective debris management 
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The proposed framework for effective debris management offered by this thesis is 
described in Figure 4-11. The framework consists of five steps. Step 1 is data 
collection and analysis. In Step 1, a decision-maker needs to collect essential 
information and data such as facility location, capacity and serviceability of 
infrastructure for debris removal (TDMS, recycle facility, and final destination) and 
available resources (hauling methods, debris loading equipment, and incinerators).  
 
Step 2 is the TDMS selection modeling. This step addresses providing appropriate 
TDMS locations for a debris management team and minimizing unexpected 
damages by improper locations for TDMS. The proposed TMDS selection model 
consists of two modules, geographical analysis and optimization analysis. The 
geographical analysis is conducted to find feasible areas for TDMS in New York 
City. The optimization analysis searches for suitable TDMS locations in the 
feasible areas.  
 
Step 3 applies both the information above and the characteristics of a community 
into a system dynamics model. System dynamics is an approach used to 
understand the behavior of complex debris management systems over time. It 
deals with internal feedback loops and time delays that affect the behavior of the 
entire debris management system. The basic system dynamic model in Figure 
3-13 will be reconstructed in order to fit the characteristics of New York City. 
 
Step 4 is the results of the simulation, which provides the various information below: 
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 The amount of debris at each station 
 Daily productivity: the amount of debris transferred by hauling method 
 Duration for total debris removal at each station 
 Total duration of debris removal in a community from the disaster 
occurrence to a final destination 
 Difference of debris removal speed based on type of debris handling options 
and the number of equipment 
 Impacts on total working days by an additional TDMS 
 
Step 5 is analysis of the results to discover any issues or bottlenecks for debris 
removal in the process, as well as both the total costs and working days with 
certain conditions such as the number of TDMS or equipment available. After 
identifying the causes, suggested options in terms of either the capacity or the 
resources a community is able to add are applied to the model. The options are 
simulated to determine if they could resolve the issues and enhance the debris 
management system (e.g., suitable options to minimize either the total working 
days or operation costs). Those suggestions then are integrated with the economic 
and environmental analysis.   
 
 
4.4.1 Step 1: Data collection and analysis 
For the case study, most of data are collected from FEMA and USACE in New 
York City. All data collected is described in Appendix A. 
  110 
 




The FEMA Modeling Task Force (MOTF) analyzed Hurricane Sandy impact such 
as building damage, an amount of debris generated in New York (FEMA 2014). 
 
Table 4-6 Debris generated by Hurricane Sandy in New York City 
Location (County) Debris generated Source 
Richmond 651,603 CY  
 
(FEMA 2014) 
New York 27,331 CY 
Bronx 49,841 CY 
Kings 914,098 CY 
Queens 1,441,941 CY 
Total 3,084,814 CY  
 
To suggest effective debris management for a decision-maker in New York City, 
this thesis simulated six case studies. The number of TDMS and hauling trucks for 
the studies are described in Table 4-7. Locations of debris generated are described 
by Geographical Information System in Figure 4-12. 
 
Table 4-7 Values for the case studies 















(   ): Case code   
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Unit () = 1000CY amount of debris 
Figure 4-12 Debris generated in New York City 
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4.4.1.1 Productivity estimation  
This thesis defined productivity as an amount of debris handled by equipment. 
Productivity would be diverse by the type of equipment and working conditions.  
4.4.1.1.1 Loading debris 
To load debris on the debris hauling trucks, various construction equipment can 
be utilized such as a loader, backhoe and an excavator. Table 4-8 shows the 
average cycle times for hydraulic backhoes. 
 




1 – 2 CY 2 - 3 CY 3 – 4 CY Above 4 CY 
Excellent 15 sec 16 sec 16 sec 17 sec 
Above average 17 sec 18 sec 20 sec 20 sec 
Average 20 sec 22 sec 25 sec 26 sec 
Below average 23 sec 24 sec 30 sec 32 sec 
Severe 25 sec 27 sec 37 sec 38 sec 
(Schaufelberger 1999) 
 
Then an equation for ideal productivity is described below (see Equation (5)). 
 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
(𝐵𝑢𝑐𝑘𝑒𝑡 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦)∗(𝐹𝑖𝑙𝑙 𝑓𝑎𝑐𝑡𝑜𝑟)∗(𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)
(𝐼𝑑𝑒𝑎𝑙 𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒)
     (5) 
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The operational efficiency is described below. 
 
Table 4-9 Operating factors for construction equipment  
(Schaufelberger 1999)  
Job Conditions 
Management conditions 
Excellent Good Poor Fair 
Excellent 0.84 0.81 0.76 0.70 
Good 0.78 0.75 0.71 0.65 
Poor 0.72 0.69 0.65 0.60 
Fair 0.63 0.61 0.57 0.52 
 
The bucket fill factor is described below.  
Table 4-10 Backhoe bucket fill factor 
(Schaufelberger 1999)  
Materials Fill factor 
Moist loam or sandy clay 1.00 – 1.10 
Sand and Gravel 0.95 – 1.10 
Hard, tough clay 0.80 – 0.90 
Well-blasted rock 0.60 – 0.75 
Poorly blasted rock 0.40 – 0.50 
 
Thus, if there is a hydraulic backhoe excavator with 2 CY bucket, its productivity 
for one hour is as follows: 
 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  





= 171 𝐶𝑌/ℎ𝑟 
 
According to the productivity rate above, a hydraulic backhoe excavator with 2CY 
bucket is able to load 171 CY debris in an hour. In the six case studies, we 
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assumed that enough excavators or loaders support loading debris on hauling 
methods. 
 
4.4.1.1.2 Hauling methods 
Hauling methods such as trucks or barges are one of the most important resources 
to clean up debris because debris generated by disasters should be hauled to 
collection, processing and disposal sites by hauling methods. 
Productivity for transferring debris to the next destination can be estimated by 
determining the vehicle hauling capacity, the cycle time, and the operational 
efficiency. To estimate the productivity for each activity, Equation (6) was 
developed (Schaufelberger 1999). 
 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
(𝑉𝑜𝑙𝑢𝑚𝑒 𝐻𝑎𝑢𝑙𝑒𝑑)∗(𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)
𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒
          (6) 
 
 
The volume hauled on a truck is different depending on the type of equipment. In 
New York City, debris management team utilized not only trucks but also barges 
with a tug boat. Similarly, various freight units across three modes (truck, rail and 
barge) can be utilized based on the available resources and environmental 
characteristics of a community (Table 4-11). 
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Table 4-11 Standard Modal Freight Unit Capacities  
(Center for Ports and Waterways and Texas Transportation Institute 2012) 
Modal Freight Unit Standard Capacity 
Highway – Truck Trailer 25 tons 
Rail – Bulk Car 110 tons 
Barge – Dry Bulk 1750 tons 
 
 
Operational efficiency also has an impact on productivity. The operating factors 
show how job conditions and management affect productivity (see Table 4-12). 
 




Excellent Good Poor Fair 
Excellent 0.84 0.81 0.76 0.70 
Good 0.78 0.75 0.71 0.65 
Poor 0.72 0.69 0.65 0.60 
Fair 0.63 0.61 0.57 0.52 
 
Management conditions include the skills, training, and motivation of the 
equipment operators; the state of repair of the equipment; and the organization 
and coordination of the work. Job conditions comprise the surface and weather 
conditions, including the topography of the project site. Thus, productivity of the 
hauling methods is affected by serviceability of infrastructure (transportation and 
electric facility) and resources (equipment).  In this model, the infrastructure such 
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as transportation and electric facility are assumed to be damaged through 
Hurricane Sandy, which affects every productivity to haul debris until repaired or 
restored. To calculate the operation factors, this research applied three factors 
such as serviceability of transportation and electric facility, and civic monitoring. 
 
After disasters, the serviceability of the transportation system and electric facilities 
will be rehabilitated continuously. To determine a value in the job conditions in 
Table 3-8, this thesis assumed the following attributions: 
 
 Management conditions are determined by civic monitoring 
 Management conditions are fixed as “Good” (see Table 3-8) 
 Job conditions are determined by serviceability of transportation and 
electric facility 
o Serviceability of transportation is given a weight of 2 
o Serviceability of electric facility is given a weight of 1 
 Fair in job conditions is selected when 40% of the serviceability of 
transportation and electric facility are provided 
 Excellent in job conditions is selected when 100% of the serviceability of 
transportation and electric facility are provided  
 
With the attributions above, the relations between the efficiency and serviceability 
of transportation and electric facility are built in Table 4-13 below.  
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Table 4-13 Weighted values 




(S.T + S.E.) / 3 
(W.V.) 
Efficiency 
1 1 2 1 1 0.81 
0.8 0.8 1.6 0.8 0.8 0.75 
0.6 0.6 1.2 0.6 0.6 0.69 
0.4 0.4 0.8 0.4 0.4 0.61 
S.T. : Serviceability of transportation / S.E. Serviceability of electric facility / W.V.: Weighted value 
 
Based on the table above, linear regression analysis was applied to develop an 





+ 0.47                                (7) 
𝑆𝑇: 𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛      𝑆𝐸 ∶ 𝑆𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦   
 
Figure 4-13 describes a part of the basic system dynamics model for an efficiency 
value. 
 
Figure 4-13 Efficiency for productivity in system dynamics 
 
A result from the model above is shown in Figure 4-14 below. 
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Figure 4-14 Efficiency value 
 
The value of efficiency can be continuously improved by rehabilitating the 
serviceability of transportation and electric facility. The system can be completely 
rehabilitated after 23 days in the model.  
 
Cycle time has two components, a fixed time and a variable time (see Equation 
(8)). The fixed time consists of the turn and dump time, and the spotting time. The 
variable time consists of the hauler time (loaded) and the return time (empty). 
 
Cycle Time = Fixed Time + Variable Time                  (8) 
 
 













0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Days
Efficiency Serviceability of electric facility Serviceability of transportation
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Turn and Dump time Spotting time 
 End Dump Bottom Dump End Dump Bottom Dump 
Favorable 1.0 min 0.4 min 0.15 min 0.15 min 
Average 1.3 min 0.7 min 0.3 min 0.5 min 
Unfavorable 1.5 – 2.0 min 1.0 – 1.5 min 0.8 min 1.0 min 
 
 
4.4.1.1.3  Balancing loading and hauling productivity 
According to the literature review, more than one-third of the cost for disaster 
recovery is spent for debris removal. Efficient debris management potentially can 
save a huge amount of cost from disaster recovery.  
Balancing the hauling capacity with the loading capacity is essential to minimize 
equipment idle time, which costs money and produces no revenue. Therefore, a 
decision-maker should have the knowledge to request required loading and 
hauling methods to prevent additional economic losses. 
Schaufelberger (1999) stated that trucks or haulers should have hauling capacity 
about four to five times the bucket capacity of shovels, backhoes, or loaders for 
efficient equipment operations. By using the following equation, the number of 
trucks or haulers per piece of loading equipment can be determined (see Equation 
(9)). 
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𝑁𝐻 =  
𝐶𝐻𝑇
𝑇𝐿
                                               (9) 
 
 NH is the number of trucks or haulers 
 CHT is the cycle time for the truck or hauler 
 TL is the truck or hauler cycle time at load site (which is loading time + 
spotting time) 
 
For example, cycle time for each truck was estimated to be 15 minutes. The 
loading time was estimated to 1.5 minutes, and the spotting time was estimated to 
be 0.5 minute. In this example, the number of trucks needed is; 
15 𝑚𝑖𝑛
2 𝑚𝑖𝑛
= 7.5 𝑡𝑟𝑢𝑐𝑘𝑠 
 
To maximize productivity, the 8 trucks should be used. If a decision-maker select 
most cost-effective fleet, cost analysis should be evaluated for both 7-truck fleet 
and 8-truck fleet. This equation suggests guidelines to a decision-maker in order 
to select the number of equipment for loading and hauling debris for debris removal 
with decreased idle time. In this simulation, we assumed that there are sufficient 
loaders for debris removal. 
4.4.1.1.4 Incinerators in TDMS 
Separation of the debris results in the highest and best use of disaster debris. 
Failure to separate debris into general categories will result in a mixed waste 
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stream that may make it impossible to separate materials for recycling and reuse. 
In general, there are only two options for large amounts of mixed debris: landfilling 
and incineration (Pattavina 2009).  
Air curtain incinerators were designed principally as a pollution control device 
(Forest Practices Authority 2011). The primary objective of an air curtain machine 
is to reduce the particulate matter (PM) or smoke, which results from burning clean 
wood waste. The purpose of the air curtain is also to stall or slow down the smoke 
particles on their way out of the incinerator. In doing this the particles are subjected 
to the highest temperatures in the incinerator. Stalling the smoke particles in this 
region just under the air curtain causes them to re-burn, further reducing their size 
to an acceptable limit. The result is a very clean burn with opacities well under 10% 
per EPA Method 9 Testing (as compared to open burning which typically can run 
at 80% to 100% opacity).  
 
 
Figure 4-15 Schematic cross-section of the air curtain incinerator  
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The air curtain incinerator has several key advantages over other disposal 
methods (Kennedy et al. 1995).  
 The incinerator is portable and can be delivered to remote locations. 
 The incinerator produces acceptable atmospheric emissions.  
 The unit is fuel efficient and does not require any external energy source. 
 
Air curtain incinerators was utilized to handle debris by Hurricane Sandy (USACE 
2013). Its productivity is below. 
 
Table 4-15 Fire Box specification for model S-327 (Air Burners 2012) 
Average through-put 6 ~ 10 ton / hr 
Fuel consumption Approx. 3.5 Gal/Hr (13.3 L/Hr) 
Dimensions 37' 4" × 11' 10" × 9' 7" (11.40m × 3.6m × 2.9m) 
 
 
Air incinerators are integrated in a system dynamic model (see Figure 4-16).  
 
 
Figure 4-16 Description of incinerators in a system dynamic model 
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In the case studies, the thesis assumed that four incinerators were installed in 
TDMS (see Appendix A). 
 
4.4.1.1.5 Recycling rates in TDMS 
Current USACE guidance for a TDMS is to estimate stack heights of 10 feet with 
60% usage of the land area for debris and 40% usage for providing roads, safety 
buffers, burn pits, and hazard material locations (Beaird 2012). Figure 2-3 
describes how a TMDS is designed to satisfy all the required conditions. Table 
4-16 illustrates debris capacity based on a certain size of TDMS. The number of 
sites varies with the size, the distance from debris source, the speed of reduction 
(mixed debris is slower than clean wood debris), and removal urgency. 
 
Table 4-16 Debris capacity of TDMS based on the size 
  
 100% usage for debris 60% usage for debris 
40% usage for road and buffer 
Capacity 16,133 cy/ac 9,680 cy/ac 
 
To design a TDMS, a decision-maker should understand what kinds and 
proportions of materials are in the debris of different disasters. Because every 
disaster generates different type of debris, a decision-maker should consider how 
a TDMS should be designed in order to allot enough space for each type of debris. 
In this case study, this thesis only focuses on the type of debris generated by a 
hurricane. Most debris generated by a hurricane is described in Figure 4-17. 
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Figure 4-17 Debris proportion by a hurricane (Beaird 2012) 
 
In the six case studies, this thesis assumed that 8% of debris were sorted to be 
hauled to a recycling facility. Figure 4-18 shows recycling process in the system 
dynamic model.  
 
Figure 4-18 Example of recycling process in the system dynamic model 
 
Daily amount of recycling materials would be calculated by an equation in the 
system dynamic model (see Equation (12)). 
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𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 
=  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 1 ∗ 𝑟𝑎𝑛𝑑𝑜𝑚 𝑛𝑜𝑚𝑎𝑙(0.05,0.15,0.08,0.02,9)       (12) 
Random normal (min, max, mean, standard deviation, seed) 
 
 
4.4.2 Step 2: TDMS selection model 
To provide appropriate TDMS locations for a debris management team and 
minimize unexpected damages by improper location of the TDMS, this thesis 















Figure 4-19 TDMS selection model 
 
The proposed TDMS selection model consists of two modules: geographical 
analysis and optimization analysis. After collecting all required geographical data, 
the proposed model generates feasible areas for a TDMS by geographical analysis 
in GIS. The next step is to select an appropriate location for a TDMS from the 
feasible areas by optimization analysis.  
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4.4.2.1 Geographical analysis 
To start geographical analysis, the TDMS selection model requires certain data 
from a community. The required data are described below; and based on either a 
characteristic of the community or a decision-maker’s choice, the criteria would 
change.  
 Topography 
 Locations of debris generated 
 Road network with current serviceability 
 Debris handling facilities 
 Residential area 
 School, church, and hospital 
 Wetlands 
 100-year flood area 
 Historical area 
 
The data above are input into GIS (see Figure 4-21). To automate geoprocessing 
the data, ModelBuilder in GIS is utilized.  
 
 
Figure 4-20 Symbols in ModelBuilder 
 
“Projected Data” is an input dataset such as a feature class, raster, or table. “Tool” 
is for geoprocessing, such as projecting a dataset from one map to another map 
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projection or creating a buffer zone around features. “Derived Data” is a new 
dataset after geoprocessing (ArcGIS Resource Center 2010). 
 
 
Figure 4-21 Geoprocessing for searching feasible TDMS areas in NYC 
 
Figure 3-17 shows how feasible TDMS areas are automatically acquired by GIS. 
Prohibited areas are selected in accordance with the guidelines under “Protect 
Human Health and the Environment When Selecting Temporary Debris 
Management Sites” (EPA 2008) (e.g., fresh water areas, lakes areas, dams, 
hazardous material areas, schools, nuclear plants, and hospitals. The prohibited 
areas are combined with a certain buffer, 0.5 miles. Then the areas are merged as 
a new dataset, “Restricted areas.” Finally, the restricted areas are merged with 
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NYC flood areas. Then it generates a new dataset, “Output dataset” (see Figure 
4-21). Figure 3-18 describes how feasible areas in a community are generated 
automatically by geoprocessing in GIS.  
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Disaster-affected community Geographical analysis Restricted areas for TDMS
Red zone = restricted areas
 
Figure 4-22 Geographical analysis in a TDMS selection model  
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4.4.2.2 Optimization analysis 
Most of the expenses for debris removal are for hauling debris by equipment such 
as trucks, rail, or barges. Equation (10) calculates the productivity of construction 
equipment (Schaufelberger 1999).  
 
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒
                                        (10) 
 
Within the limited efficiency and capacity of construction equipment, the cycle time 
is a critical factor to expedite the productivity above. To facilitate the productivity, 
a TDMS should be located to maximize the number of cycles of hauling trucks per 
day (i.e., a TDMS should be sited to minimize the total hauling distances from the 
collection points to the TDMS). 
Optimization analysis is applied to select the best TDMS location that minimizes 
the total hauling distance from the collection points to the TDMS among the TDMS 
candidates (see Equation (11)). 
 





𝐷𝑖𝑇𝑗 ∶ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝐷𝑖  𝑡𝑜 𝑇𝑗 
𝐷𝑖: 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑑𝑒𝑏𝑟𝑖𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 
𝑇𝑗: Location of TDMS candidate 
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To determine a suitable location from the feasible areas, 38 TDMS candidates are 
selected (see Figure 4-23). Then, the optimization analysis compares the total 
distances from the debris collection points to each TDMS candidate (see Equation 
(11)). Finally, it selects the best location with the minimum total distance among 
the 38 TDMS candidates. 
Figure 4-23 describes a location for an additional TDMS in New York City. 
Statistical data for the distances from the collection points to the selected TDMSs 
are in Figure 3-19. 
  
 : TDMS candidate   : Current TDMS in NYC        : Selected location for TDMS 
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Unit() = 1000 CY of debris 
 
 












































Units of debris with certain miles (TDMS B)
TDMS A TDMS B 
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In Figure 4-24, a unit () on the map represents 1000 CY of debris. A green-circle 
symbol represents the current locations for the TDMSs, TDMS A and TDMS B, in 
New York City. The optimization analysis distributes debris generated to two 
TDMSs based on the shortest path algorithm. The lines connecting from the debris 
to the selected TDMS on the map show that the debris belongs to the selected 
TDMS location. 1250 units of debris out of 4974 units are designated to be hauled 
to TDMS A; and 3724 units of debris out of 4974 units are designated to TDMS B. 
The average distance from the debris collection points to TDMS A is 5.12 miles; 
and its standard deviation is 2.86 miles. The average distance from the debris 
collection points to TDMS B is 9.34 miles; and its standard deviation is 5.06 miles. 
For a case study, an additional TDMS, TDMS C, was selected by the TDMS 
selection model; and the analyzed data are described below.   
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Units of debris within certain mailes (TDMS C)
TDMS A 
TDMS B TDMS C 
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TDMS A 5.12 2.86 
TDMS B 9.34 5.06 
3 
TDMS A 5.13 2.86 
TDMS B 3.40 1.82 
TDMS C 5.00 2.52 
TDMS A = Fresh Kills landfill TDMS B = Jacob Rills landfill TDMS C = additional TDMS 
 
Using the TDMS selection model, a suitable location for TDMS, TDMS C, was 
chosen (see Figure 4-25). The average distance from the debris collection points 
to the selected TDMS decreases by increasing the number of TDMS. The next 
step is inputting all the geographical data and selected TDMS locations to the 
system dynamics model. 
 
4.4.3 Step 3: Input collected data into the system dynamic 
Step 3 is applying both the collected data and the characteristics of a community 
into the system dynamic model (see Figure 4-26). Based on the debris 
management system in NYC, an integrated system dynamic model for debris 
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Basic system dynamic model 
Integrated system dynamic model in New York City (see Figure 4-27) 
Characteristics of debris management in New York City 
Figure 4-26 Development of system dynamic model for debris management  
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Figure 4-27 Integrated system dynamic model in New York City (T2R#) 
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Figure 4-28 Integrated system dynamic model in New York City (T3R#) 
 
The integrated system dynamic model in Figure 4-27 and Figure 4-28 were 








Table 4-18 Basic building blocks  
 
Box Variables represent quantities. These are the main “nouns” in the 
system. Box Variables are also referred to as Level Variables. 
 
Rates represent a change in a quantity over time. These are the 
“verbs” in the system. Rates coming out of a box variable decrease 
that quantity. Rates going into a box variable increase it. 
 
Auxiliary Variables can contain constants or other parameters. 
Auxiliary variables loosely correspond to “adjectives” and “adverbs” in 
the system. 
(Source: Vensim Introduction http://www.vensim.com/documentation/) 
 
 
Detail input for box variables, rates auxiliary variables are described in Appendix 
A. We might assume certain state for a size of TDMS and a capacity of Recycling 
facility. For TDMS, we assumed that a size is 1 acre debris for each station. It can 
contain 1 million CY debris. For recycling facility, material processed is not more 
than 100 ton/day, 200 CY/day (Dubanowitz 2000). Table 4-19 shows certain 








Table 4-19 Attributes for stations (Input data) 
Station Capacity  
Debris in NYC 3.08 M CY  
TDMS A 1 M CY Fresh Kills landfill 
TDMS B 1 M CY Jacob Riis landfill 
TDMS C 1 M CY Additional TDMS 





1 ton = 2 CY  
(FEMA 2010) 
(Bradon A. 2012) 
Colonie landfill 3000 ton/day 
(6000 CY/day) 
(Bradon A. 2012) 
Recycling facility 100 ton/day 
(200 CY/day) 
18 EA 
Locations in Appendix B 
 
 
4.4.4 Step 4: Simulation results 
Step 3 is a result of the simulation above. To provide various options for debris 
management to a decision-maker, this thesis conducted six case studies (see 
Table 4-20). 
Table 4-20 Values for the case studies 















(   ): Case code   
 
It provides the various information below: 
 The amount of debris at each station 
141 
 




 Daily productivity, the amount of debris transferred by hauling method 
 Duration for total debris removal at each station 
 Total duration from debris in a community to a final destination 
 Difference of debris removal speed based on type of debris handling options 
and the number of equipment 
 
In the simulation of T2R250, the debris generated in New York City by Hurricane 
Sandy would be hauled to two TDMSs within 102 days (see Figure 4-29). Amount 
of debris that belongs to TDMS A referred to as “Debris in area A” and amount of 
debris that belongs to TDMS B referred to as “Debris in area B” (see Figure 4-24) 
 
 
Figure 4-29 Amount of debris in NYC over time 
 












































































Amount of debris in NYC (T2R250)
Debris in area A Debris in area B
142 
 





Figure 4-30 Amount of debris in final destinations 
 
Based on the values in Table 4-20, six case studies were conducted and the results 
are shown in Figure 4-31. 
 
























































































Debris in final destinations (T2R250)





























Comparison of the simulation results
Debris in NYC to TDMS TDMS to final destinations
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Maximum working days are 156 days in T2R250 and minimum working days are 
143 days in both T3R300 and T3R350. The total working days are deceased by 
increasing the number of TDMS and the number of resources, hauling trucks.  
 
 
4.4.5 Step 5. Analysis of simulation results  
Step 5 is analysis of the results to discover any issues or bottlenecks for debris 
removal in the middle of the process with the six case studies. 
The comparison of the simulation results showed that increasing number of TDMS 
and resources, hauling trucks, are decreasing the total working days (see Figure 
4-31). However, the system dynamic model identified some bottlenecks in the case 
studies. For example, amount of debris in TDMS are shown in Figure 4-32. The 
amount of debris in TDMS B in T2R350 exceeded the current capacity of TDMS, 
1 million CY, from 40 to 53 working days. It concluded that operating 350 hauling 
trucks overwhelmed current capacity of TDMS B. Thus the maximum capacity of 









Figure 4-32 Amount of debris in TDMS 
 
The case study, T3R350, has three TDMSs with 350 resources, hauling trucks. Its 
result is shown in Figure 4-33. 
 








































































Amount of debris in TDMS
























Amout of debris in TDMS
TDMS A (T3R350) TDMS B(T3R350) TDMS C(T3R350)
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Amount of debris in TDMS did not exceed the maximum capacity of TDMS, 1 M 
CY, during the working days. The maximum amount of debris in TDMS C was 
990,000 CY at 24 working days. Thus this study suggested that operating three 
TDMS are required to handle the amount of debris hauled by 350 hauling trucks. 
 
However, Additional TDMS, TDMS C, generated another issue at Port of 
Coeymans, the re-transferring site. Because of increasing productivity, daily 
amount of debris hauled to the Port of Coeymans, the amount of debris exceeded 
the maximum capacity of debris, 1 M CY, in Port of Coeymans.  
 
Figure 4-34 Amount of debris in Port of Coeymans 
 
Maximum amount of debris in Port of Coeymans was 1,437,830 CY at 63 working 
days. Thus, decision-maker should increase the capacity of debris in Port of 







































































































This research suggests a framework for effective debris management for a resilient 
community. The framework gives a guideline to support a debris management 
team to identify required infrastructure and resources with respect to debris 
removal.  This framework also evaluates current debris management system in a 
community to enhance its own resilience from any disasters. A debris management 
team would be able to simulate their debris management system to identify any 
bottlenecks or insufficient resources and capacity of facilities before disasters. It 
enables a community to have feasible debris management plan to rebuild the 
community to be robust from disasters. 
 
In case study of debris management system in New York City after Hurricane 
Sandy, the framework provides a TDMS selection model for a debris management 
team guided by GIS. The TDMS selection model determines the suitable location 
of TDMS by both geographical and optimization analysis in NYC. Secondly, the 
TDMS selection model provides optimization analysis to select an appropriate 
location for a TDMS. The analysis selects the TDMS location that minimizes the 
total hauling time from the debris collection points to the TDMS within the current 
road serviceability. Optimization analysis also provides the distances from the 
debris collection points to the selected TDMS. It enables a decision-maker to 
decide on the required number of equipment to haul debris within certain working 
days. The proposed TDMS selection model would be utilized to set up locations 
for TDMS in a debris management plan before disasters happen. In addition, it can 
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be applied to any community that does not have pre-planning capacities for debris 
management. Debris management teams would greatly benefit from the strategic 
siting of TDMS in order to accelerate the debris removal process. 
 
The framework provides various debris removal options to a decision-maker. The 
debris removal options in the framework describe the working days with specific 
numbers of TDMS and resources. It will allow a decision-maker to comprehend the 
required budgets for debris removal and to select a suitable debris removal plan 
for a community. 
 
This framework also can evaluate the current debris management system in NYC 
to enhance its resilience from any disasters. A debris management team would be 
able to simulate their debris management system with the proposed system 
dynamics model for debris management to identify any bottlenecks or insufficient 
capacity of facilities before disasters. It enables a community to have a feasible 
debris management plan to rebuild the robustness of the community’s plan to 
disasters.  
 
The six case studies were conducted in this thesis. It identified several issues of 
debris management through a comprehensible framework showing how debris 
management works in a community and time-based graphs describing how debris 








1. Capacity shortage of TDMS (Case study:T2R350)  
2. Capacity shortage of Port of Coeymans (Case study :T3R250, T3R300, 
T3R350)  
 
This thesis concluded that the strategy, operating two TDMS with three-hundred 
hauling trucks, will be suitable option if decision-maker could not expand the 
capacity of TDMS or the transferring site in the middle of a disaster recovery (see 
Figure 4-35).    
 
 
Figure 4-35 Comparison of the simulation results 
 
Through simulation, this research shows the type of results produced by the 
proposed framework and how it would enable debris management teams to 





























Comparison of the simulation results
Debris in NYC to TDMS TDMS to final destinations
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CHAPTER 5. CONCLUSIONS 
5.1 Overall summary and conclusion 
 
The unexpected huge volumes of debris that are generated by disasters can 
threaten a community by reducing its resilience and ability to return to normal. 
Debris management historically has been empirical management based on the 
environmental circumstances, the available infrastructure, and the resources in a 
community.  
Therefore, this thesis focused on how previous research could be integrated into 
comprehensive debris management system that is able to easily support a 
decision-maker to select the proper debris removal options as well as a plan for 
debris management for a resilient community.  
The framework provides a TDMS selection model for a debris management team 
guided by GIS. The TDMS selection model determines the location of TDMS by 
both geographical and optimization analysis. Through the geographical analysis, 
it automatically sorts out non-feasible areas which are likely to have environmental 
damage in a community from a long term perspective. It also visualizes feasible 
areas on a map for the location of TDMS to assist a decision-maker. Secondly, the 
TDMS selection model provides optimization analysis to select an appropriate
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location for a TDMS. The analysis selects the TDMS location that minimizes the 
total hauling time from the debris collection points to the TDMS within the current 
road serviceability. Optimization analysis also provides the distances from the 
debris collection points to the selected TDMS. It enables a decision-maker to 
decide on the required number of equipment to haul debris within certain working 
days.  
This thesis suggests a system dynamics model for debris management with a 
comprehensible diagram showing how debris management works in a community 
and graphs which can assist a decision-maker set short- and long-term plans for 
debris management in a community. The model in this research also identifies 
current and future issues and bottlenecks which can be raised during debris 
management.  
 
5.2 Contribution of research 
 
This thesis proposed a framework for debris management by describing how 
infrastructure and resources are linked and work together to transfer debris to a 
final destination. The thesis also utilized GIS and system dynamics to analyze 
debris management in a community. By the analysis, this framework identifies the 
effects of different options for debris removal whereby a decision-maker can both 
locate an additional TDMS in disaster-affected areas and how much capacity 
should be set up to speed up return to a normal life. From the system dynamic 
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model, working days could be estimated by numbers of equipment and planned 
capacities. 
Furthermore, this thesis predicted future issues and bottlenecks which cannot 
easily be expected to be known at the beginning of a plan for debris removal.  
 
5.3 Limitation of research 
 
This thesis has several limitations to applying it to the real world. 1) Environmental 
analysis should be conducted before increasing TDMS capacity or adding 
incinerators.  2) This thesis did not have sufficient information about the TDMS, 
such as the required number of equipment to handle debris and TDMS debris 
handling options. 3) This thesis did not conduct cost-effective analysis for debris 
management in New York City. Only working days by the number of equipment 
were estimated in New York City. All of these limitations can be solved by 
cooperation with governmental organizations such as FEMA and USACE. 
The TDMS selection model has some limitations. The current TDMS selection 
model is designed to maximize the productivity for debris removal within the given 
conditions. It considers both 1) current civil infrastructure (e.g., road network and 
final destinations) to maximize debris-removal productivity and 2) environmental 
infrastructure (e.g., 100-year flood plans and wetlands) to prevent any negative 
impacts around the community. It is necessary to integrate externalized costs to 
the community into the TDMS selection model, which provide very specific 
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economic and social analysis for a community. This part would be explored 
through my Ph.D. research. 
 
5.4 Further recommendation 
 
The methodology of the effective debris management has great potential for 
research academia and for emergency-related applications. Various further 
research issues can be explored as extension of this thesis in the area of debris 
management.  
The proposed framework supports debris management in a community to enhance 
its resilience from a disaster. In the pre- or post- debris management, it will provide 
suggested TDMS to a decision-maker and working days within certain number of 
equipment. In special, GIS visualizes both suitable TDMS locations and non-
feasible areas for the decision-maker to easily select additional locations for a 
TDMS. In optimization analysis, this thesis considered distances from collection 
points and to TDMS. It analysis may give more benefits by considering of final 
destinations such as landfills and recycling facilities. 
 
To understand debris management, this thesis utilized a system dynamic model 
for debris management. The model would be able to described current and future 
issues by graphs. However, the model would not be able to suggest optimized 
number of equipment or capacity for TDMS. Thus, further research should 
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consider how to optimize the number of equipment and required capacities of 
TDMS and final destination within certain working days. 
 
This thesis suggested various options to shrink working days and save debris 
removal costs. It would be improved by adding environmental analysis such as 
comparing depreciation cost by reducing CO2 emission generated by hauling 
trucks and incinerators.  
 
In addition, current analysis does not account for a range of uncertainties and 
contingencies. The scope of this research starts from the expected event and the 
estimation of debris generated (Concrete, Steel and vegetative) from Hazus-MH 
by FEMA. In general, ratio of hazardous debris would be 1~5 % of the total debris, 
which requires special equipment and crews to handle them properly. Even though 
it would significantly delay in the total debris removal time, there is no literature 
introducing proper methods for analyzing the impacts on the total debris removal 
time. For the contingencies, if a disaster event could be evaluated before striking, 
the analysis would provide proper strategies including required capacities and 
resources to remove debris within the desired time. 
However, when an uncertain event occurs in a community, there are two different 
scenarios. One is that an uncertain event would be minor enough to be handled 
within current capacity of the community. The other is an uncertain event is 
extremely severe and above the current capacity. For the latter, the suggested 
framework would not be suitable for handling on to handle the debris generated in 
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a timely manner. Because of the severe damages to the community and blockages 
of critical road network, both the capacity and available resources will be noticeably 
decreased. In that case, current research would not be sufficient to provide feasible 
solutions to the disaster-affected community. Current research would be further 
developed to determine strategies for each phase (e.g., short- and long-term 
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Appendix A    
List of attributes 
List Attributes description 
Amount of debris 3.08 million CY (FEMA 2014) 
Working hours 18 hrs  
Productivity 1   
Equipment capacity 18CY 
(truck) 
 
Equipment speed 25mph 
(in City) 
 





(Fresh kills park) 
Capacity : 1 million CY 
(Total size : 1 acre) 
 
TDMS B 
(Jacob Riis park) 
Capacity : 1 million CY 
(Total size 1 acre) 
 
TDMS C Capacity : 1 million CY 







# Incinerator 4 EA In TDMS 
Productivity 2 and 
Productivity 2 0 
  
# Barge 18 EA (Bradon A. 2012) 
Barge capacity 2200 ton (Bradon A. 2012) 
Productivity 3   
Equipment capacity 18CY 
(hauling-truck) 
 









Appendix A  Con’t 
# Equipment 100 EA  
Distance 75 miles Port of Coeymans to 
Senera Meadow 
landfill 
(Bradon A. 2012) 
Landfill 
(Senera Meadows) 
6000 ton/day (Bradon A. 2012) 
Productivity 4   
Equipment capacity 18CY 
(haul-truck) 
 
Equipment speed RANDOM 
NORMAL(40,55,45) 
(Min,Max,Mean) 
# Equipment 50 EA  




3000 ton/day (Bradon A. 2012) 
Transportation 
damage 
65% Restored within 3 
weeks 




Civil Monitoring Good See Table 4-12 
Productivity 6 /  
Productivity 6 0 
 Debris to recycling 
facilities 
# Equipment 10  
Distance  RANDOM 
NORMAL(20,43,24,8,10) 
Locations of facility 










Appendix B   




















 STEP(IF THEN ELSE( 
TDMS A<2.8e+06, 
IF THEN ELSE( 









 STEP(IF THEN ELSE( 
TDMS B<2.8e+06, 
IF THEN ELSE( 
Debris in NYC 0>18*(Equipment1 0)*(working hrs1 0)/(Distance 
0/Average speed 0*2)*(0.35/3*((2*Transportation 0)+Electric facility 
0)+0.47) 
,18*(Equipment1 0)*(working hrs1 0)/(Distance 0/Average speed 
0*2)*(0.35/3*((2*Transportation 0)+Electric facility 0)+0.47)*Civic 
Monitoring 0 















 IF THEN ELSE 
(TDMS B>RANDOM NORMAL(7000,12000,9000,1500,2)*Cycle2 
0*Transportation 0*Electric facility 0*Civic Monitoring 0 
,RANDOM NORMAL(7000,12000,9000,1500,2)*Cycle2 
0*Transportation 0*Electric facility 0 









Appendix B Con’t 
Productivity 
3 
 IF THEN ELSE(Port of Coeymans>0,IF THEN ELSE(Port of 




(Equipment3*(working hrs2)*18/(Distance 3/Average speed 
3*2)*(0.35*((2*Transportation)+Electric facility)/3+0.47))*Civic 
Monitoring 
,Port of Coeymans),0) 
Productivity 
4 
 IF THEN ELSE(Port of Coeymans>0:AND:(Port of Coeymans-
Productivity3)>(Equipment 4)*(working hrs3)*18/(Distance 4/Average 
speed 4 
*2)*(0.35*((2*Transportation)+Electric facility)/3+0.47)*Civic 






















 IF THEN ELSE((Recycling area in TDMS-
18*Equipment6/(Distance6/Average 
speed6/2)*Cycle6)>=0,18*Equipment6/(Distance6/Average 
speed6/2)*Cycle6,Recycling area in TDMS) 
Productivity 
6 0 
 IF THEN ELSE((Recycling area in TDMS 0 > 18*Equipment6 
0/(Distance6 0/Average speed6 0*2)*Cycle6 0),18*Equipment6 
0/(Distance6 0/Average speed6 0/2)*Cycle6 0,Recycling area in 
TDMS 0) 
TDMS A  Productivity1+Productivity5 output-Productivity2-Productivity5-Recycle 
materials 
TDMS B  Productivity1 0+Productivity5 output 0-Productivity2 0-Productivity5 0-


















Appendix C    
Recycling facility in New York City 
Facility Name Location address County City 




Nassau Vally stream 
Sanitary District #1 Bay Boulevard Nassau Lawrence 
Village of Floral Park 
 - Mayflower Place 
Mayflower Place Nassau Floral Park 
Rockville Centre  
Tranfer Station 
10 Sunrise Highway Nassau Rockville 
Centre 
North Hempstead  
Tranfer Station 
999 West Shore Rd. Nassau Port 
Washigton 
Huntington Recycling  
Center and Transfer station 
641 New York Ave. Suffolk Huntington 
Smithtown Municipal  
Services Facility 
85 Old Northport Rd Suffolk Kings Park 
Islip Multi-Purpose  
Recycling facility 
1155 Lincoln Avenue Suffolk Holbrook 
 
